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ABSTRACT 
An investigation into the analysis of Digital Microwave Radio 
Paths was conducted. The causes and effects of multipath fading 
on the propagation of microwave signals are of particular 
interest here. 
A study is made of the theory of link engineering, including an 
examination of fading and distortion, and the instrumentation 
used in the analysis of link performance. Multipath fading, the 
different categories, as well as the causes and effects thereof, 
are reviewed. The Tellurometer Method of distance measurement is 
described and its suitabilty to path analysis discussed. 
A modular design of a Path Analyser, utilising the Tellurometer 
Principle, is documented. The Analyser is a computer controlled 
device which measures and records the cumulative characteristics 
of Group Delay, Gain and Path Length on a microwave hop. A 
Frequency Synthesiser for the generation of the IF carrier 
frequency, a Phase Counter for the measurement of Path Length, 
and a Gain Detector, were constructed. Novel schemes for the 
measurement of Group Delay were investigated, but no conclusive 
evidence for the feasibilty of the chosen scheme was obtained. 
The Path Analyser project shows promise of realisation in the 
near future. Whether or not the Analyser as a whole will meet the 
overall design specifications cannot be determined at present. 
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NOMENCLATURE 
Digital Microwave Radio. 
Microwave Radio Networks employing digital 
coding and modulation schemes. 
Integrated Circuit. 
Intermediate Frequency. 
(In DMR, this is either 70 or 140MHz.) 
Integrated Services Digital Network. 
Line-of-Sight. 
Usually used when referring to a Microwave 
Radio Path, in which the Receiver is in sight 
of the Transmitter. 
Microwave Link Analyser. 
A device used in analysing the propogation 
characteristics of a Microwave Path. 
The time period where the Bit Error Rate 
falls below a certain threshold due to fading 
of the signal. 
Personal Computer. 
Frequency of a signal. 
Phase of a signal. 
Wavelength of a signal. 
Delay between two signals. 
x 
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CHAPTER 1 
INTRODUCTION 
In the South African Department of Posts and Telecommunications, 
the use of Digital Microwave Radio (DMR) is on the increase. A 
serious problem affecting the performance of DMR links is the 
phenomenon of multipath fading. Studies on multipath fading have 
taken on new importance, as the use of DMR increases worldwide. 
A means of acquiring data on the cumulative propagation 
characteristics of microwave links was seen to be a step toward 
improving on the design and maintenance·of DMR links. Therefore, 
the Dept. of Posts and Telecomms. commissioned the Dept. of 
Electrical and Electronic Engineering at UCT, to research 
microwave path analysis. Of particular interest was the analysis 
of multipath fading and an investigation into the realisation of 
a Path Analyser. The Analyser was to be computer controlled by an 
IBM compatible Personal Computer. Three basic measurements were 
to be required from the analyser: 
Gain 
Group Delay 
Electrical Path Length 
In this thesis, the author has attempted to provide a basis for 
further work on this project. The basic theory of Link 
Engineering, including fading and its effect on link performance, 
as well as instrumentation used in the analysis of link 
performance, is covered. The causes and effects of multi path 
fading, the mathematical models that have been developed and the 
protection systems that exist to counteract multipath fading, are 
reviewed. Lastly, the Tellurometer Principle is described, and 
its suitability for use in path analysis is discussed. 
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2 
Thereafter, the modular design and construction of the Path 
Analyser, as far as it had progressed at the beginning of 1989, 
is documented. The modules were as follows: 
Frequency Synthesisers to produce IF and pattern 
frequencies. 
A Phase Counter for the measurement of path length. 
A scheme for themeasurementof group delay. 
A gain detector. 
The work described in Chapter 5 is the result of 15 months 
research, including the 3 months spent developing the HPIB data 
interface which was eventually discarded . 
. In the summary, comments are made on the individual modules, but 
no conclusions can be drawn about the Path Analyser as a whole, 
since the project has not yet progressed far enough. 
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CHAPTER 2 
LINK ENGINEERING 
2.1 Introduction 
Until recently microwave radio relay links provided the entire 
backbone· of telecommunications networks worldwide. Optic fibre, 
the transmission medium of the future, is costly to install, with 
the result that radio-relay links will remain in operation for 
some time. 
On a global scale, a program of standardising communication links 
has been in operation for some time. Most radio relay systems are 
thus moving toward Digital Microwave Radio (DMR), in order to be 
accommodated in the Integrated Services Digital Network, (ISDN). 
To be competitive in providing higher capacity, higher speed 
systems, DMR makes use of complex coding and modulation schemes. 
These schemes; PSK, QAM, QPRS, are far more sensitive to channel 
linearity, and grou~ delay distortion than analog systems. They 
therefore put extremely stringent demands on link performance. To 
provide cost effective systems which meet the tighter 
specifications and fade margins, a means of predicting distortion 
sources and their effects is ·called for. 
2.2 The Microwave Path 
A radio link may be said to be a radio communication system in 
which the signals follow a straight line or 'line-of sight' (LOS) 
path; As each receiver needs to be in sight of the transmitter, 
on routes longer than 50-lOOkm or so, repeater stations are 
necessary. . The propagation of signals on each LOS 'hop' is 
affected by 'free space' attenuation, objects within the path, 
precipitation, and other atmospheric effects. 
When designing and maintaining microwave LOS links, the Link 
Engineer needs to build safety margins and protection factors 
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4 
into the design. These factors are partly general and partly site 
specific. By analysing existing links, we are able to increase 
the data base available to the engineer designing a new link. 
Apart from obvious criteria, like ensuring a clear line of sight, 
and avoiding sources of reflection on the path, there are a few 
less obvious factors to be taken into account. Two of these, 
k-factor and Fresnel zones, are discussed briefly. 
2.2.1 K-Factor 
Due to variations in the refractive index of air with height, 
microwave LOS signals are able to propagate over the horizon. A 
geometric transformation is often used in modelling the link. A 
straight line ray is drawn, and the radius of the earth is 
altered to give an effective radius where: 
k.a ...................... ( 2.1 ) 
k is known as the the "k-factor" and is given by: 
k 1 ......... ( 2. 2 ) = 
1 + a. dn 
dh 
where: dn/dh is the gradient of Radio Refractive Index with 
height, and n is dependant on temperature,humidity and 
pressure. 
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k = 213 
earth 
(a) Ray bending in the 
atmosphere 
True radio paths 
(b) Actual ray paths on 
a microwave path 
(c) Radio path plotted as a 
straight line by changing 
the earth's radius 
Figure 2.1 Bending of radio waves in the atmosphere[l]. 
5 
As k varies, the effective clearance of the path changes and 
"earth bulge" may occur. In the model, the earth appears to bulge 
up to obstruct the path. A knowledge of local meteorological 
conditions is needed to allow enough clearance to avoid this 
occurring. 
2.2.2 Fresnel Zones 
·A full description of Fresnel zones, is beyond the scope of this 
text. It suffices to say that according to Huygen's principal, 
zones exist around a direct ra~ between Transmitter and Receiver, 
where reflection points that fall within these zones produce 
marked cancellation or reinforcement of the signal. Each zone 
consists of the volume between two ellipsoids with the principal 
axes being the direct ray. Common sense indicates that the zones 
of distortion alternate with those of reinforcement, as the 
length of the reflected ray increases by multiples of the signal 
wavelength. 
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6 
It is imperative then ·to avoid reflection points falling within 
the principal Fresnel zones. The radius of each zone is given by: 
R 
n 
= v •••••••••••••• ( 2. 3 ) 31 . 6 . r [ n. ddl . d2 l 
n 
Path lengths 
nth zone: d + ni.'2 
3rd zone: d + 3i .. '2 
2nd zone: d + 2i.i2 
1st zone: d+ i .. 2 
zone number 
signal wavelertgth, (m] 
distance to near end of path, 
" " far '' 
di + d 2 , total distance, [km] 
Path length 
[km] 
II 
Tu =~+~ 
(for direct path) 
Figure 2.2 Cross section of path showing Fresnel 
zones ( 2]. 
II [km] 
From the data that is available to him, the engineer needs to 
decide on sites for the repeater stations, and the length of the 
hop. Other factors to be considered include the heights and the 
sizes of the antennae, and what transmitter power and protection 
systems are necessary. 
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7 
2.3 Fading and Distortion on a Microwave Path 
When the level of the signal at the receiver decreases, the 
signal is said to be faded. There are generally two basic types 
of fading, flat fading and frequency selective fading. Flat 
fading affects the entire channel bandwidth, whereas selective 
f acting only affects certain frequencies within the bandwidth. 
Selective fading can result in distortion of the signal. Fading, 
its causes and effects, are examined in the next chapter. 
Distortion, as opposed to pure fading, occurs when the signal at 
the receiver is altered, in some way, from the version that was 
transmitted. 
2.3.1 Distortion 
Distortion in transmission media (as opposed to noise) is of 
three basic types; amplitude, non-linear and delay/phase 
distortion. Amplitude distortion results when the attenuation of 
a signal is frequency dependant. Non-linear distortion is 
normally caused by non-linearities in the circuitry. Unwanted 
harmonic components generated here can result in what is known as 
Intermodulation distortion. Delay distortion results from 
different frequencies in a signal propagating at different 
speeds. A phase shift occurs and thus it is also known as phase 
distortion. 
Delay distortion varies with frequency as the phase-frequency 
relationship is non-linear. Thus it is best measured as Group 
Delay Distortion (GOD). Group Delay is the frequency derivative 
of phase, and should be constant across the channel bandwidth. 
d0 
·q f ) = GD = [µs] ....•.•.. ( 2 . 4 ) 
df 
GOD at a frequency is the difference between the Group Delay at 
that frequency and the minimum Group Delay in the passband. 
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8 
Figure 2.3 Group Delay variation with frequency [3]. 
2.3.2 Distortion Measurement 
Two distortion measurements are of importance when looking at the 
effect of multipath, namely delay distortion and gain (or 
amplitude) distortion. 
We have already looked at Group Delay Distortion. Here we assumed 
that this measure of the slope of the phase response is a tangent 
to the curve at the specified frequency. See Fig 2.4. Another 
measure of Phase Distortion, Differential Phase (DP) is defined 
as the difference in phase shift encountered by a low-level, high 
frequency sinusoid at the stated instantaneous amplitudes of a 
superimposed low frequency signal". Differential Phase becomes GD 
as the length of chord AB shortens. 
Phase 
¢ 
Group Differential 
delay 
----r---.-- ----
.c.¢, 
_l_l _______ -
dw 
'--------'-----'-----'---__.... w Frequency 
Figure 2.4 Group Delay and Differential Phase [4]. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
9 
With the measurement of Gain across the channel bandwidth, 
Differential Gain, (DG), is defined in much the same way as DP, 
where the difference is in gain and not phase. Differential Phase 
and DG are measured with test tones of lMHz or more, whereas Gain 
and Group Delay use test ·tones of less than lMHz. (Usually 
500kHz). 
The analyses of the plots of these measurements are used to trace 
the sources of distortion on a link. The details of these 
analyses are too lengthy to include in this text and the reader 
is urged to refer to the MLA manual[5] and Feher(6] chapter 9. 
l!! 
I 
~ 
"Cl 
... 
" e 
o;n 
= 
" "Ei 
-~ 
= ~ 
Figure 2.5 
: /cubic 
I ' 
v 
Frequency - rad/s 
Low order Transmission Group Delay 
shapes ( 7] . 
Figure 2.5 shows the various possible forms of transmission 
characteristics for Group Delay and Gain. 
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10 
2.4 Outage, P(e) and BER 
Two measures of the performance of a link, probability of error 
(P(e)) and Bit Error Rate (BER) are closely related, although the 
difference between the two is often confused. Probability of 
error is a theoretical, statistical prediction of the error rate 
of a system, whereas BER is a measured, historical record of the 
actual error , performance. Thus for a P ( e) = 10-3, one could 
expect 1 bit in every 1000 to be erroneous. A BER of 10-3 means 
that in every 1000 bits transmitted there has been 1 bit in 
error. BER on a well designed system is typically 10-6 to 10-10. 
The international CCITT/CCIR bodies have laid down performance 
recommendations with respect to BER and Error Free Seconds (EFS) 
for ISDN systems. The time distribution of bit errors is 
naturally of importance, as bit errors could be distributed 
evenly with time, or concentrated in clusters. The BER would thus 
riot give an accurate estimate of link performance. An approach to 
this problem is to measure the percentage of averaging ·periods 
(To) , for which the BER is beyond threshold, over a lengthy 
period (TL)· 
T0 = 1 min (voice) T0 = 1 s (data) 
BER in % of BER in % of 
~:·. available 1 s available minutes minutes <10% >0 <8% (ES) I 
< 10-• >90% 0 >92% (EFS) I 
Table 2.1 Objectives for 64kb/s ISDN connection [8]. 
No final decision has been made as to the period TL, although it 
is generally accepted to be a month. Bit Error Rate, EFS and 
system unavailability, or outage, are all related to fading on a 
link, both flat and multipath fading. 
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11 
Fading and distortion on link result in 'Outage', where a link 
becomes unuseable or unavailable for a space of time. Outage is 
obviously a function of BER and the Fade margins of the system. 
2.5 Instrumentation 
There are devices dedicated to the measurement of the performance 
of a microwave link. 
2.5.1 The Selective Level Measuring Set 
The Selective Level Measuring Set (SLMS) works on the principle 
of measuring Noise Power Ratio (NPR). It can be thought of as a 
super-heterodyne radio receiver, or a tunable band-pass filter. 
The desired signal frequency is selected and a level detector 
used to measu~e the signal power. 
' 
This device gives an indication that a problem exists on a link, 
but no idea of its source. The system can be loaded at different 
levels, NPR readings taken and "v-curves" plotted to gain more 
information [9]. 
f---18 .. , .. +18--i 
T T 
I I 
I I 
TI T TIT 
2fM--I : I-- I I I' I 
122 1L.0 158 MHz 
Figure 2.6 Line triplet [10]. 
2.5.2 The Microwave Link Analyser 
Far more information can be obtained using a 
Analyser (MLA). The MLA uses a 70Hz sinusoid to 
of the IF bandwidth. A test tone or 'pattern 
Microwave Link 
produce a sweep 
frequency' is 
Thus a line superimposed on the swept IF frequency using FM. 
triplet results which explores the bandwidth at 70Hz. 
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>I '.'lo 
~-2~LF ·2rr~F 
Sweep width 
)( 
0 
E 
..Q 
"'l 
..... 
/ 
0 
" . 0 
Curve of the group delay distortion 
Figure 2.7 GDD plot from a line triplet sweep of the 
phase curve [ll]. 
12 
'o 
~o 
The demodulated signal at the receiver is displayed using the 
70Hz sweep voltage. Non-linearities in the transmission medium 
are seen in the slope of the display. This is known as the 
'Intermodulation method'. For a more detailed explanation of this 
method, the reader is advised to consult the MLA manual[S]. 
Feher[6], contains some useful examples of MLA trace analyses. 
(/) 
...J 
w 
"' u 
w 
0 
!!: 
:r 
t;: 
w 
0 
w 
0 
<t 
... 
15.---------------------~ 80 
JAN 9. 1984 1: 24: 29.32 
20 60 
40 
(/) 
0 
z 
20 8 
w 
(/) 
0 
~-o---~~o ~ 
z 
~ 
-20 ~ 
-40 
-60 
...J 
w 
0 
80 '-----'------'----'------''-----'------' -80 
55 60 65 70 75 80 .BS 
FREQUENCY IN MEGAHERTZ 
Figure 2.8 Typical scan of a fading event [12]. 
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13 
2.6 Summary 
It would seem that the SLMS and MLA are sufficient to provide the 
Link Engineer with the information he needs. This is largely 
true. However, the desirability of cumulative propagation 
characteristics elicited the need for computer control and data 
capture. The cost of the MLA made it unrealistic to install and 
operate instruments on numerous links for long periods of time. 
The need for a more simple, dedicated, computer controlled Path 
Analyser arose. Before discussing the initial design and 
development of a prototype of this device, let us take a look at 
the phenomenon of multipath fading in some detail. 
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CHAPTER 3 
MULTIPATH FADING 
3.1 Overview of Multipath Fading 
Multipath fades on a Microwave Line-of-sight Radio Link occur 
when the signal from the transmitter arrives at the receiver via 
more than one path. As the paths differ in length, this causes 
phase rnterference at the receiver. Fading of this type is 
therefore frequency selective, depending on the wavelength of the 
signal. 
The secondary (and possibiy tertiary, and more ... ) ray(s) can be 
the result of reflections or refractions. The LOS Link is an open 
one. The physical terrain and meteorological conditions 
prevailing, affect the transmission medium, namely air. The 
different effects of conditions on a link, and their causes have 
been categorised and studied. They are discussed later in this 
chapter. 
In designing and maintaining a link, these factors need be taken 
into account. When determining Link Outages, as well as BER in 
the case of Digital Radio, multi path is an important factor. 
Protection systems have been developed to combat the effects of 
this sort of fading. Without these precautions, the majority of 
links would be highly unreliable and thus unuseable. These 
protection systems are discussed later. 
Studies on the characteristics of multipath fading have been in 
progress, at a number of institutions, for some years. 
Significant advances have been made at Bell Laboratories in the-
USA, to name but one. A major step toward a better understanding 
of the multi path phenomenon was made when Rummler produced his 
three-path model in 1978 (1). 
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In order to gain a cl~arer understanding of multipath fading and 
its consequences in current Microwave Radio Engineering, we will 
examine some aspects more closely. Firstly we look at some of the 
causes and effects of the different categories. Thereafter, we 
briefly touch on protection schemes, and lastly, we examine 
Rummler's model. 
FADING TYPE 
T't:3::~f 
"~' 
Rx Tx~ 
Cool Cool 
valley 
valley 
~Rx Fog _ -~ '// - - v 
Cold water 
:E2 "' --~ 
Warm water 
Large Rx 
ante~~ ~4/ 
Tx Warm water Normal 
Tx~ 
~Rx
TYPICAL AGC RECORDING 
1 hour 
Atmospheric I • • I 
- selective V 
multi path (stable )-~=""'r'""'='1=--=-¥1v'""-.,.==-,,..lf"""_....."'4r""'""',.,...IP-,.cc==:;.__ Free space( FS) 
Atmospheric 
multipath (turbulent)• ....... ...._.....;o.,b~<" v=c 
-selective 
FS 
from elevated or --++==='~~ff+-+ft+-1\~1('=::..~rflfrtr-M=--'~i.:::::.....- FS 
ground layer f 
- selective 
from atmospheric --~r+t-i...-~...,.,...-.-....+i-,-f~Vw-~---1.>++fif-==- FS Reflection --. I) ,.,._ 
sheets ''~Ii , W'I' 
-selective 
Reflection from 
ground or w;iter 
- selective Low path due to stable reflections 
Attenuation due to 
rainfall - 10 GHz 
and above 
r-1 hour__., 
=----~--=---=--_.,...:::::::::::::::::=:::=--FS ~OdBocmoco - non-selective Attenuation 
obstruction 
inverse 
bendinQ 
-non-
selective, 
exceptto 
FS 
accompanying . ............. \IF FS 
multipath L ~ 1 -10d8ormore 
Fadeout or blackout 
path is trapped or--------------
arrives outside 
-++-......... .---------.1---~FS antenna main lobe 
- non-selective, 
except sometimes 
space selective. 
Ducting 
outage may last 
up to 24 hours 
within an ;;:::>,-~lf-=rl'-,---------FS 
atmospheric layer 
- space selective only 
Figure 3.1 Categories of Fading Events [3]. 
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3.2 Causes and Effects 
Here it _is necessary to clarify terminology. In this 
dissertation the author has used the term multipath to refer to 
all types of frequency selective fading in which the signal takes 
multiple paths between Transmitter and Receiver. In certain 
literature, eg [2], the term is reserved for the situation where 
these multiple paths are caused by refraction alone. The 
definition we have used, embraces a broader range of categories, 
all of which it would be desirable to monitor and analyse. In the 
interests of clarity, following sections will examine all types 
of fading, both selective and non-selective. 
3.2.1 Rain Fading 
At frequencies above lOGHz, attenuation, due to absorption and 
scattering by hydrometeors such as rain, mist, hail and snow, 
becomes a serious problem. The fading affects all frequencies and 
is thus "flat", or non-selective. These fades can be deep, being 
anything up to SOdB or more. They can last for 15 mins or so, at 
times. Fortunately, multipath fading is seldom concurrent with 
rain fading. 
3.2.2 Reflection Fading 
This is closely related to multipath proper. It is also known as 
Fresnel zone fading, as it occurs when the path clearance is 
equal or close to an even zone radius. The reflected ray 
effectively cancels the direct ray. Fading of this sort can be 
extremely deep and long in duration. Fades of 10-20dB have been 
observed to persist for a number of days [4]. 
Reflection may arise from elevated layers of discontinuities in 
temperature or humidity. Other sources of reflection fading, are 
ground and water reflections. These are often avoidable by a 
suitable choice of repeater station sites. Flat, arid plains, and 
even ploughed fields can exhibit reflection coefficients of up to 
0.9. Sheets of water of any sort, particularly those close to the 
midpoint of a link, are notorious sources of reflection fading. 
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3.2.3 Ducting 
At times, a signal may become trapped between two atmospheric 
layers which act much like the walls of a waveguide. If the duct 
encompasses both the Transmitter and the Receiver, gains, as 
opposed to fades, of up to 30dB can occur. However, if the 
Receiver should fall without the duct, complete loss of the 
signal can occur for periods of up to 24 hours. Hot, wet areas 
such as river· deltas and marshes seem to be the most common 
sources of the ducting phenomenon. These ducting layers are 
seldom found above an altitude of 50m above ground level. 
Antennae heights can therefore be adjusted accordingly. 
3.2.4 Obstruction Fading 
In the previous section on Link Engineering we touched briefly on 
the subject of what is known as the "k-factor". The varying k-
factor causes the obstructions, which would normally be below the 
path, to vary in height and the signal fades accordingly. This 
sort of fading is non-selective, and can be avoided by designing 
the path clearance to CCIR recommendations. 
3.2.5 Inverse Bending Fading 
A sub-standard atmosphere in coastal regions can cause the 
microwave beam to be diffracted upward. This causes the Receiver 
to fall outside the beam and the loss is non-selective. 
3.2.6 Refractive Fading ( Multipath Proper ) 
Previously, we discussed the observation that the refractive 
index of air is found to be altitude dependant. The vertical 
gradient in the refractive index is also noted to be time 
variant. 
This form of 
nights when 
ground based 
fading is most severe on quiet, windless, 
temperature inversions occur. Stratified 
or elevated, are formed, and refraction 
misty 
layers, 
and/or 
partial reflection of the signal occurs. In a stable atmosphere, 
the fading can be seen to be fast (up to lOOMHz/sec [ 5]) and 
deep. Fades in excess of 30dB lasting seconds or minutes are 
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common. In a more turbulent atmosphere, where the air is mixed, 
the fades tend to be fast and shallow. The indirect rays of the 
signal vary in length with time, due to the changes in the 
atmosphere. These components either add or subtract from the main 
signal, depending on their relative phase. Obviously, the deeper 
fades are caused by large amplitude, indirect rays in antiphase. 
Digital Microwave Radio is found to be very susceptible to 
multipath fading. Thus limiting the speed and capacity of 
communication channels. Investigations into multi path began in 
the 1950's and took on a new importance in the late 1970's when 
DMR became the obvious successor to Analog Radio. Analog Radio is 
not as badly affected by multipath, since Analog FM resists the 
linear amplitude distortion component which predominates in this 
type of fading. 
The complex modulation methods of DMR cause it to be 10 to 12 
times more sensitive to multipath th n Analog FM ( 6]. Boosting 
transmitter power is of no avail in this case, as the distortion 
is caused by the phase cancellation. In order to estimate 
performance of DMR in the presence of multipath, it is necessary 
to have a model of the phenomenon. 
3.3 Rummler's Model 
Rummler's models [7], are the most widely accepted. The initial 
model assumes two rays to be present on the path. The first, the 
direct ray; and the second being refracted above the direct ray. 
When the amplitude of the direct ray is the larger of the two, 
the fade is known as a minimum fade. However, when the indirect 
ray surpasses the direct ray in amplitude, the sign of the group 
delay changes, and the fade is called non-minimum. 
It has been observed that multipath fades appear as minimum, then 
deepen, become non-minimum, and shallow out before disappearing 
[ 8] . 
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A better correlation with measured data is achieved with a three-
ray model. Here the direct, or first, ray and the second ray are 
similar in amplitude and differ in length by only a few half 
wavelengths ( * See note below Equation 3. 1) . The second ray 
. 
results in relatively little amplitude dispersion over a wide 
bandwidth. The third ray. is weak, but differs markedly in length 
from the first This ray is responsible for the selective 
fading. 
Figure 3.2 
(a) 
(b) 
Three path fade [9]. a) Three rays shown. 
b) Simplified. 
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The fading model is thus: 
± ( W-W ) T 
H ( j w) = a ( 1 - be 0 1 ) . . . . . . . . . . . ( 3 . 1 ) 
where: 
a = ( 1 + a 
1 
ab = I a I 
2 
wo centre frequency of channel bandwidth 
Tl delay between 1st and 2nd rays 
* NB It is a requirement that ( W2 - w1 ) • T 1 << 1 
w2 is the upper limit of the bandwidth 
Wl is the lower limit of the bandwidth 
It is necessary to fix one of the parameters in the equation in 
order to produce unique solutions. It has been found to be best 
to fix 't: at 6. 3ns. This gives a good representation of the 
measured fades. The model can be seen as a direct ray of 
amplitude a, with a second ray of amplitude ab, a delay of 6.3ns 
and a phase value of w0 't: + n. This is then controllable at the 
centre frequency wo. 
The power function is: 
I H (w) 12 = a2 ( 1 + b2 - 2bcos( w - w0 )-r ] 
........... ( 3.2 ) 
The group delay distortion is given by: 
d0[ H(w) 
GOD = = 
dw 
b-r( cos( w -w0 )-r - b 
2 
1 + b - 2bcos( w - w )-r 
0 
........... ( 3. 3 
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Figure 3.3 Channel model functions [10]. 
The model was verified against the results of some 25 000 sweep 
analyses [11]. 
3.4 Duration of Fades 
Research in the US and USSR has shown that the distribution of 
fade durations follows a log normal law [12]. Thus the median 
fade duration decreases as fade depth increases, and decreases 
with increasing path length and increasing path clearance. 
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Figure 3.4 Duration of fades on a 4GHz link (13). 
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It has been shown[l4] that median fade times t' can be 
represented by: 
t' ( F) 
d 
f 
F 
= 56.6 . 10-F/ 20 . ( d/F )o.s ....... ( 3.4) 
path length [km] 
frequency [GHz) 
fade depth [dB] 
3.5 Probability of Exceeding Fade Margin 
The probability distribution of amplitude versus time for 
multipath is found to be a Raleigh distribution. ( Mult1path is 
sometimes known as Raleigh fading). 
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The probability of a fade depth Fo occurring during the worst 
month of the year is: 
where: 
p ( F) 
r 
K 
Q 
f 
d 
B 
c 
B c K . Q • ( F /F O) . f . d 
[ 15] 
......... ( 3. 5 
Climatic condition factor 
Terrain 
Frequency [GHz) 
Path length [km] 
Frequency constant 
Path length constant 
" 
A set of constants exists for different parts of the world. 
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Thus the fraction of time, during that month that the· link is 
unavailable due to multipath, is: 
B c -Fm/10 K . Q • f . d . 10 .......... ( 3. 6 ) 
where: 
= 10 . log F0 - 10 . log F 
3.6 Protection Systems 
To counteract the effects of multi path fading, two methods of 
protection 
diversity. 
are commonly used, adaptive equalisation and 
Adaptive equalisers make use of the nature of an all pass filter 
network. The amplitude of the signal is not directly affected, 
~ut a positive or negative parabolic group delay is effected. The 
polarity of the Group Delay would depend on whether the fade was 
minimum or non-minimum. A feedback path allows the equaliser to 
adjust its slope to the input signal. 
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Frequency 
Figure 3.5 Positive Parabolic GD equaliser. 
Diversity systems consists of three types: space, frequency, and 
hybrid diversity. These prot~ction systems make use of the 
selectivity of multipath. Frequency diversity is brought about by 
always leaving one channel open as a protection channel. Thus if 
a certain channel becomes unavailable due to fading, a channel at 
a different frequency takes over the traffic. The optimum 
frequency spacing between channels is: 
Sf = 75 . 
d 
hi 
h2 
f, and f2 both in same band 
(a) In-band frequency diversity 
d/(hl . h2) . [MHz] ..... ( 
path length (m] 
height of transmit antenna 
II II receive II 
-O
Tx, ~~t:':n~l:rized 
f, 
~ 
f2 
Tx2 
Rx, 
f, in 6 GHz band and f2 in 11 GHz band 
(b) Cross-band frequency diversity 
(m] 
[m] 
Figure 3.6 Frequency diversity (16]. 
3.7 ) 
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Space diversity uses two receive or transmit antennae separated 
vertically. When the signal at one antenna fades, the system 
switches over to the other. The optimum distance between the 
antennae is : 
8S 
(a) Space diversity 
Figure 3.7 
75 [m] ...... ( 3.8) 
frequency [MHz] 
path length [m] 
height of lower antenna [m] 
Height/ Combined 
k = o/3 k = o/J 
(b) Reception (c) Transmission 
Space diversity [17]. 
A combination of the two methods is known as Hybrid Diversity. 
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CHAPTER 4 
TELLUROMETER PRINCIPLE 
The scientific needs for Electronic Distance Measurement ( EDM), 
are many and varied. In some cases, resolutions of microns over 
ranges of centimetres are required. In others, the resolution is 
in centimetres and the range in tens or hundreds of kilometres. 
Most schemes use the time taken for the transit of a signal, a 
pulse or a continuous wave (CW), as the basis of the measurement. 
The Tellurometer method of EDM was developed at the National 
Institute for Telecommunications Research of South Africa, in 
1957 by Dr Trevor Wadley(l]. Pulsed systems require large amounts 
of power and are physically heavy, therefore their application in 
Geodetic instruments is limited. The Tellurometer makes use of a 
continuous wave system. The range of the first instrument was in 
the order of a few miles up to 20 miles (36km), with an accuracy 
of 1 100000. Later models extended the range and improved the 
resolution. 
The Tellurometer is well suited to determining the electrical 
path length of a Microwave Radio Link. The range need not be 
greater than 150km, and a resolution of 1: 1 000 000 is 
acceptable. The CW technique allows for the system to be 
introduced at the 70 or 140MHz IF stage of a link, where the 
power levels of a pulse techniquewould be unacceptable. Thus the 
existing microwave carrier equipment is utilised. Most relay 
stations in a Microwave Link network only demodulate the signal 
as far as the IF before remodulating and retransmitting it. The 
Analyser can therefore be used on any link. 
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4.1 Overview of the Tellurometer Method 
The fundamental idea of the method relies on the fact that for a 
signal of "a given frequency, the phase value at any point in 
space is a periodic function of time and the distance from the 
source of radiation."[2]. 
Q) 
C)· 
c 
-
~---
Figure 4.1 
I 
-~-~-~---------•! 
I 
I 
1 ~f phase [ 0 ] 
ltf time [secs] 
Relationships between phase, time and 
distance. 
The process therefore measures the phase shifts of certain 
"pattern" frequencies modulated onto the IF. From these phase 
shifts, the distance, or electrical path length, is calculated. 
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FREQUENCY 
GENERATOR 
MIXER 
PHASE 
DETECTOR 
Master Remote 
Schematic of Tellurometer System. 
FREQUENCY 
GENERATOR 
MIXER 
DATA 
RETURN 
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The process can be regarded as being in two parts: A primary 
process, where the signal is sent from the master instrument to 
the remote; and a secondary process, in which the signal is 
returned to the master so that a phase comparison can be made. 
In the case of the Tellurometer proper, a microwave carrier 
frequency is necessary, for a number of reasons. Firstly, the 
higher the frequency of a signal, the more detached from the 
ground the signal becomes. ( ie, the less the ground constants 
affect the transmission of the signal). Secondly, microwave 
signals lend themselves more readily to beam formation and 
directionality. This was a point in favour of the Tellurometer 
method being used in the Path Analyser. 
The phase comparison could of course be done with the carrier 
frequency itself. However, al though this is feasible for short 
ranges, certain 
application. Due 
difficulties are 
to the excessive 
encountered in a Geodetic 
resolution achieved at high 
frequencies, the carrier phase stability starts to break up. The 
resolution itself is meaningless, considering the distances 
involved, and the uncertainties of the refractive index of the 
transmission medium. 
More appropriate results are achieved with greater ease, by 
making use of the Heterodyne process to mix the the signals down 
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to more workable low frequencies. The Tellurometer process will 
be described in more detail with the aid of a number of diagrams. 
4.2 .The Method in Detail 
4.2.1 The 'Send' Path 
For our purposes, we can ignore the microwave carriers, and, to a 
certain extent, the IF carriers as well, thus concentrating on 
the pattern frequencies alone. The Pattern Generator at the 
Master produces a frequency Fm with a relative phase constant of 
em (Figure 4.3 ). The phase value of the signal received at the 
Remote is (em+ t.Fm); t being the transit time over the distance 
x. Similarly, the signal received from the Remote at the Master 
is (er+ t.Fr)· .From Figure 4.4 it can be seen that both these 
pattern frequencies are used to Frequency Modulate the IF 
carriers IF(A). 
CM + FM l CR +FR . ~ 
x ~-------------------------------· 
---------------------------------------------~ 
( cp R + · t. FR) •-------------------------------------- <p R 
' BR = cpM + t.FM - cpR + t.(F M - FR) 
Figure 4.3 The Beat Frequency method of extracting 
the phase information. 
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At each end the outgoing IF is mixed down to a second IF, IF(B), 
which is the difference of IFm(A) and IFr(A). As a result of the 
heterodyne process, the FM of IF(A) becomes AM of IF(B). An 
explanation of this process is given by Wadley in his paper[3]. 
The lkHz AM of IF(B) is effectively the Beat frequency of Fm and 
Fr, there being a lkHz difference between the two. The phase of 
this signal is: 
Bm = 0m - (0r + t.Fr) at the Master, 
and Br = (0m + t.Fm) - 0r at the Remote. 
At the Master, we call this Beat signal the "reference", whereas 
at the Remote it is called the "data". 
4.2.2 The 'Return' Path 
In order to make a phase comparison, the "data" has to be 
transferred to the Master. IFr(B) is demodulated and used to 
Frequency Modulate a lOOkHz subcarrier which in turn causes an 
additional FM of ~he IF, IFr(A). At the Master this 100 kHz FM 
passes unaffected to the I Fm ( B) . It has however, experienced a 
delay t.(Fm - Fr), due to the path length. Br has now become: 
Once the "data" has been extracted from IFm(B) by a process of FM 
demodulation, and the "reference" by AM demodulation, they can be 
compared. 
By subtracting Bm from Br' as follows, we arrive at a value for 
x, the path length. 
00 
2tFm cycles 
m + 00' .................................... ( 4 . 1 
where: m is the number of unresolved phase cycles. 
NB 
In the phase measurement process, only S0' is determined. 
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80.u 
Now x t.u = ..... ( 4 . 2 ) 
2.Pm 
where: u is the velocity of the signal 
nm 
x ( m + 80' ) .................. ( 4.3) 
2 
4.3 Phase Relationships in the Heterodyne Process 
When two sine waves, F1 and F2 , of differing frequency are mixed, 
a number of frequency components result: 
a) F1 & F2 , the frequencies themselves, 
b) 2F 1 , 2F 2 , 3F 1 , 3F 2 , ... , their harmonics, 
c) F1+F2 & F1-F2, the sum and difference (or beat). 
The components of (a) and (b) are found to have the same relative 
phase relationships as the originals, F1 & F2. Those of ( c) 
however, have instantaneous · phase values equal to the sum or 
difference of the instantaneous values of the originals[4]. This 
property allows the heterodyne process to be used in the 
Tellurometer system without perturbing the phase measurement. 
4.4 The Resolution of Phase Ambiguities 
To achieve a resolution of the order of centimetres at the output 
of the phase meter, it is necessary to have sufficiently high 
pattern frequencies, with wavelengths of the ~rder of metres. 
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I H I 
~(ffP} 
I 
I IN 
2*(rrB~ 
figure 4.5 The 9/lO's Frequency method. 
If we accept a minimum total resolution of Scm and achieve a 
phase detector resolution of 1:1 000, a frequency with a 
wavelength of SOm is sufficient. 
In achieving high resolution, we then face the need to resolve 
the ambiguities of the phase as can be seen in Figure 4.5. Thus, 
a succession of lower pattern frequencies is used to fix the 
distance measurement, ie to determine the value of m in Equation 
4 . 3 . 
To ensure a maximum range of over lOOkm for the Path Analyser, a 
range of pattern frequencies from 1. SkHz to 6MHz is required. 
This places unrealistic demands on the bandwidth of the system. A 
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means of obtaining the phase measurements over this large 
bandwidth, without actually using all these frequencies, is 
described below. 
4.4.1 The 9/lO's Frequency Process 
If one studies Figure 4.5 closely, it can be seen that the phase 
value of the lower pattern frequency, can be found mathematically 
from the other frequencies. We use the phase values of the higher 
pattern frequency and that of the signal 9/10'5 of this 
frequency. We can see this more clearly by looking at a specific 
example: 
H pattern: f = 1.SMHz 
n = 200m 
x = 690m [ x = ( m + 80').n/2 
m = 3 [ See Equation 4.3 
00 , H = 162° 
L pattern: f = lSOkHz 
n = 2km 
m = 0 
80 , L = 124.2° 
N pattern: f = 1.35MHz 
n = 222.2m 
m 3 
80 , N = 37.8° 
Thus 80L' = 80H' + 80N' ................. ( 4 . 4 ) 
Therefore, by using a set of rather unusual 
possible to resolve the phase ambiguities 
bandwidth demands. 
4.5 Cancellation of Phase Errors 
frequencies, it is 
without excessive 
The ingenious process of the Tellurometer has inherent phase 
error cancellations, where one phase shift within the circuitry 
is cancelled by an equal but opposite polarity shift in another 
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part. At the IF the bandwidth is relatively large (SOOkHz), 
compared to the lkHz modulation. This ensures minimal phase shift 
so often encountered in narrowband systems. Errors in the RF 
equipment in the Tellurometer proper are minimised by keeping the 
transmission line lengths within the instrument as short as 
possible. In the Path Analyser, the RF equipment is part of the 
link and, therefore, is beyond the reach of the designer. For our 
purposes we can assume it to be part of the path under study. 
4.6 Sununary 
The relay stations in a Microwave Radio Network demodulate the 
signal no further than the IF, before remodulating and 
retransmitting. Thus the Tellurometer System is ideal for use in 
the Path Analyser, being able to act on an IF of 70MHz. 
There is a fundamental problem with the system when used in a 
Path Analyser application. The path length is measured by a 
combination of signals transmitted in two directions. In the 
Tellurometer proper, this is not of importance. In the Path 
Analyser, however, this is a disadvantage as the signals will be 
likely to take different 'go' and 'return' paths. An adaptation 
of the method might be necessary· in future. 
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CHAPTER 5 
THE PATH ANALYSER 
5.1 DESIGN OVERVIEW 
The design of the Path Analyser, grew from the idea of a Path 
Length Analyser, based on the Tellurometer method of distance 
measurement. The approach was taken to design the Analyser in 
modular form, with a number of interconnected modules which would 
perform the functions of: 
Electrical Path Length measurement 
Group Delay measurement 
Gain measurement 
The initial problem that had to be solved was the data interface 
between the Radio Frequency (RF) circuitry and the computer. An 
8255 Digital Interface card, developed at UCT, and a PC-26 
Analog-to-Digital card were eventually used. 
When Donald Gammon joined the project· team at the beginning of 
1988, the project work was divided between Mr. Gammon and the 
author. The author was to pursue the realisation of the group 
delay and path length measurements as far as possible. Mr. Gammon 
was to develop the gain measurement, and do further work on the 
other modules once the author had submitted this thesis. 
The Path Analyser was, thus, separated into the following 
modules: 
Frequency Generators to produce the IF signal, and the 
pattern frequencies with which the IF would be modulated. 
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A Phase Counter for the measurement of path length. 
A means of measuring the group delay at the IF. 
A detector to measure gain at the IF. 
Basic software to test and control the modules, later to be 
developed into a user friendly control system. 
The chapters that follow, cover the development of each module in 
greater depth. 
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5.2 THE DATA INTERFACE 
5.2.1 Overview of the Interface 
It was intended that the Path Analyser should be controlled by a 
Personal Computer (PC). Thus, some means of communication between 
computer and the project hardware was necessary'. The modules of 
the Path Analyser to be controlled were as follows: 
* 
* 
* 
* 
* 
IF Frequency Generator 
Pattern Frequency Generator 
Phase Coun-t:::er 
Gain Detector 
HP Test Equipment 
Each device needed to be addressed individually by the PC. 
The data sent to the Frequency Generators was in the form of 
. digital words, as was the data coming from the Phase Counter. 
However, the data from the Gain Detector, being analog, needed to 
be sampled and digitised, prior to application to the bus. 
The author developed an HPIB system to its working stage before 
it was discovered that HPIB was not suitable for the Path 
Analyser application. A decision was made to buy the necessary 
interfaces, and to concentrate on the hardware of the Analyser 
itself. For completeness, a description of the HPIB design is 
included in this chapter, followed by a description of the Data 
Acquisition cards purchased. 
5.2.2 The Hewlett Packard Interface Bus System 
·As we were uncertain of the later requirements of the Path 
Analyser, the HPIB system was chosen for the following reasons: 
The sys tern is a GPIO, or General Purpose Interface, which 
adheres to IEEE standards. 
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The HPIB is designed to interface with any HP equipment. 
(Even if the HP8536 computer was replaced by an IBM machine, 
the facilities exist to use the HPIB.) 
The system allows flexibility in the number and 
configuration of devices used. 
The bus is asynchronous, allowing devices of different data 
rates to interface without timing problems. 
The design approach for the Path Analyser was a modular one. 
Therefore, unbuilt modules could be emulated, using standard HP 
equipment, while testing completed modules. The interfacing in 
this instance would be simple. 
We were, at this stage, unaware of the need for a real-time 
system. An 8-bi t bus of this sort seemed adequate, even if a 
little slow. Although the maximum transfer rate for data is 
quoted as being lMb/s, this does not take into account the time 
needed to address each device. 
The design of the unused HPIB interface is documented in full in 
Appendix H. 
5.2.3 The PC-26 A/D 
The PC-26 is an Analogue-to-Digital data acquisition card which 
plugs into the motherboard of the IBM Personal Computer. The A/D 
has a resolution of 12 bits and an A/D speed of 23kHz. Thus the 
overall conversion time from selecting the channel to tha end of 
conversion is 40µs. The input voltage range is -!Ov to +lOv. 
The card is ·used in the capture of the Gain data from the AM 
envelope detector of Chapter 5.5. The Turbo Pascal program 
GAIN.PAS in Appendix E is used to control the PC-26. 
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5.2.4 The 8255 Interface Ports 
The 8255 plug-in card, developed at UCT, provides two MC8255 
parallel ports; totalling six 8 bit ports in all, the speed of 
data transfer being in the region of !MHz. The ports are 
addressable from the software. Program COUNTER.PAS (Appendix E) 
uses the 8255 ports to capture the phase (and path length) data 
from the Phase Counter of Chapter 5.5. 
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5 .3 IF FREQUENCY SYNTHESISER 
5 .3.1 The SAA1057 Frequency Synthesiser 
The implementation of a f r equency synthesis er, as a means of 
generating the IF signal, has numerous advantages. The sweeping 
of the entire channel bandwidth of 50±20MHz can easily be done 
under computer control. The frequencies generated are guaranteed 
to be stable, and as accur ate as the source of the reference 
frequency. Integrated Circu its like the Philips SAA1057, which 
perform this sort of frequency synthesis, are now readily 
available at reasonable cost. 
Figure 5.3.1 The IF Frequency Synthesiser. 
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was drawn up, with considerable assistance from 
I (project supervisor), and adapted as the 
progressed. The design was divided into three 
distinct parts: the central synthesiser section; the interface by 
which the SAA1057 could be programmed; and an A/D - D/A section, 
which would be used to speed up the process of sweeping the IF 
bandwidth. 
The schematic diagram of the final version of the central 
synthesiser section is shown in Figure 5.3.2. 
this part of the synthesiser will be examined 
to the other two sections. 
The operation of 
before moving on 
Vt;C24c'o=.." -~--
ocs- • 
15 
CUAA~NT 
STABILIZER 
ULlN- 1l l:iU!llLUAO 
CLI 
14 
" UATA-
• 
CuNrHOL 
LO<.ilC 
lb·tllf 
PHU~HAM· 
MAtllt 
UIVIUtH 
l 
IH TCA TC8 
I 
' 
~ 
SAMl'Lf 
• HOLD 
PUA~t 
Otlt\,;IUH 
UIUITAL 
PttASE 
DETECIOA 
IN Vu;:.1 
-t IN-LOCK • -.- UUI t.:UUNH.H 
AMPLlfltH 
HHEtU:NCE Hf ff HENCE UIVIO~H 
OSCILLATOR 
XTAL 
+ 100/125 
TESf/ 18 TEST fEATUHfS 
SAA1057 
Figure 5.3.3 Block diagram of SAA1057. 
Examination of the block 
(a full description can 
diagram of 
be found 
the 
in 
SAA1057, Figure 5. 3. 3 
the data sheets of 
Appendix B), gives insight into the means by which the synthesis 
is done. The frequency generated by a VCO is divided by a 
programmable divider and compared to the reference frequency 
using a digital phase detector. The output of the phase detector 
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The SP1648 is tuned by an external LC tank circuit. The inductor 
is a wire-wound toroidal RF ferrite core, giving a value of 
0.12µH. ( The means of determining the number of turns needed is 
laid out in Appendix C.) The variable capacitance is realised 
with a back-to-back varactor arrangement. The specifications of 
the varactor are given in Appendix B. 
________________________ t _______________________  
Varactor Voltage Gener~ted Frequency 
(volts] (MHz] 
------------------------ ------------------------
0. 0 00.00 
4.3 
4.7 
5.5 
6 .1 
6.6 
7.0 
7.3 
7.6 
8.0 
8.4 
8.8 
9.6 
10.5 
(see note below) 
43.09 
45.00 
50.00 
55.00 
60.00 
65.00 
70.00 
75.00 
80.00 
85.00 
90.00 
100.00 
115.00 
Table 5.3.1 Varactor voltage vs Generated frequency 
(As can be seen from the Table 5.3.1, for the VCO, a voltage of 0 
on the input produces no signal.) The SAA1057 requires a signal 
at its input to act upon in order to begin the synthesis process. 
For the system to work, some sort of 'power-on-start' is needed. 
The output of the SAA1057 is thus fed into an opamp set up as an 
inverting summer into which a voltage from a trimpot is also fed. 
The resulting voltage is then re-inverted before driving the 
varactor of the SP1648. The voltage from the trimpot is chosen 
such that the SP1648 operates at a few Megahertz below 50MHz. A 
voltage of 5v, giving a frequency of 48MHz was found to be 
adequate. 
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5.3.3 Frequency Loading Interface 
Two basic functions are performed by the circuit shown in 
Figure 5.3.5. Firstly, the 16 bit word containing the frequency 
data for the SAA1057 is changed from parallel to serial form. 
Concurrently, the clock pulse (CLB - to synchronise the the data 
transfer) and the data length signal (OLEN) are generated. The 
timing diagram from the data sheet in Appendix B is reproduced 
below in order to clarify the description of the circuit 
operation. 
r1m1n9 w~w~f~rm 01~9r~m-----------------------------------------
Sampl: Period r 
MaQnitication 
Magnify about 
Cursor moves 
[ ! ] z 
+1••; 
i 
MH!jM; 
20.00 µs/div 
200.0 ns/clk 
10.40 µs x to time trig 
0.0 µs x to o 
• lJUlflSU . 
•• Jlrlfu111J1ruu1ru1J1JlJ1JlJ1.JLJUl 
-h-J. . . . Lr 
•••' 
•••• : ' llLJ 
~ 
Figure 5.3.4 Timing diagram of SAA1057 input data. 
Ports A & B of the 8255 port on the computer, are used to 
transfer the 16 bit.data word to the 74HC165 parallel-to- serial 
converters. The five most significant bits of Port C are used to 
co-ordinate the transfer of the data word to the SAA1057. Bit 0 
resets the central 0-type flip-flop which puts a logic '1' on the 
o input . It also disables the up/down counters used for timing 
the OLEN signal. The '0' from Q is fed to the OLEN line which is 
monitored by Bit 4 of Port c. 
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Bit 1 resets the 555 monostable in order to ensure 
synchronisation of data transfer. This is imperative as the 
SAA1057 does not permit any transient of the clock during the 
zero set-up time (tLzsu)· (See data sheet timing diagram). Bit 3 
enables both the parallel-to-serial converters and the up/down 
counters. Bit 2 sets the central D-type flip-flop, and resets the 
D-type flip-flop which buffers the data output to the SAA1057. 
The Turbo Pascal software SYNTH.PAS, used to run the synthesiser, 
sent the following data to Port c. 
(For a listing of SYNTH.PAS, see Appendix E). 
Hex 
OB 
08 
04 
OA 
00 
04 
OA 
Binary 
0000 1011 
0000 1000 
0000 0100 
0000 1010 
0000 0000 
0000 0100 
0000 1010 
5.3.J(a) SAA1057 Progranuning 
Resultant action 
Flip-flop 1, (f/f 1 ), is reset. 
555 clock source is reset. 
555 reset, f/f2 reset, 
f/f 1 set, counters and 
converters loaded. 
No action· 
OLEN read in to Port C. 
555 reset, IC's loaded. 
555 reset, f/f 1 set, f/f2 
reset. 
No action. 
The action of the SAA1057 is determined by the data passed to it 
from the computer in the form of 16 bit words. The word can be 
one of two types, control, or data. A control word is identified 
by a '1' following the leading '0'. The control word need only be 
used to initialise the device, thereafter the frequency can be 
changed with the data word alone. The control word informs the 
chip as to the configuration required of the inputs, the 
reference frequency, the current amplifier gain, the phase 
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detector, and the test pin output. For a more detailed 
explanation, see Appendix B) . An example of a control word is 
given in Figure 5.3.6. 
OATA WORO A 
/,///. lt:~,l~Y : 0 21~ :tD 111 211 21u 21:' 2t1 21 2tt 7S 74 73 22 71 2U , 
bits uored in lalch A 
512 ~ tJ1vidiny numbl:r ..,; 3276 7 
DAfA WOHO 8 
fM HHU Cti'.J CP2 t:t'I CPU SH2 SLA PUMI POMO tlRM TJ f2 f 1 TO '/" 
··-··----·--------------.,-------------------·· 
bit~'IUfe.l ml.m:hl:t 1t•J1ttl 
Fig. 3 Bit organization of data words A and 8. 
Figure 5.3.6 Control word. 
The data word, for a specific desired frequency, is determined 
using the method below: 
[if FM i/p is used] 
\ 
Clock Frequency ( * 10 } 
Step size = 
Reference * 32 
Data word = Desired Frequency 
Step size 
The eight most significant bits of the data word are placed on 
Port A, the other eight on Port B. 
Thus for 70MHz: 
5 10 
Step size = 
32 
= 15625 
------> 
70 . 106 
Data word = 
15625 
4480 
-----> 
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A data word of 1180 Hexidecimal will thus produce a frequency of 
70MHz. 
5-. 3. 4 The Analog/Digital - Digital/Analog Converter 
The synthesiser method of generating frequencies is accurate and 
phase coherent. However, it is not fast enough to enable the Path 
Analyser to make at least 10 sweeps of the 40MHz bandwidth, every 
. second. A method of increasing the sweep rate is to use an 
ADC1001 IC to monitor the DC voltages at the input to the 
varactor tuning diode of the SP1648 tank circuit. This is done as 
the synthesiser makes its initial sweep. 
These voltage values are then stored in a software lookup table 
and the SAA1057 synthesiser· bypassed by driving the SP1648 
directly from the lookup table via a DAC1008. 
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56 
The system worked adequately for the Gain Analysis part of the 
Analyser, where it was unnecessary to lock onto specific IF 
frequencies. For the Path Length and Group Delay analysis 
however, the slower synthesis method had to be us ed. 
The A/D & D/A interface is shown in Figure 5.3.6. The LED is used 
to ensure a stable voltage on pin 12. The LF353 follower allows 
the DAC to be calibrated using the 20k potentiometer. Bit 6 of 
port C was used to control the Relay Reed IC, of the synthesiser. 
This allowed the software to control whether the SAA1057, or the 
lookup table, was used to drive the SP1648. 
The A/D - D/A was developed, with assistance from the author, by 
Mr Donald Gammon. 
Figure 2 Generation of 70MHz. 
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57 
5.4 PATTERN FREQUENCY SYNTHESISER 
A separate synthesiser was required to generate the pattern 
frequencies discussed in the chapter on the Tellurometer 
Principle. A decision was made to use a design similar to that of 
the IF synthesiser, but utilising the Motorola MC145151 IC in 
place of the SAA1057. The SP1648 was replaced by a discrete 
component, varactor tuned, Colpitts Crystal Oscillator. It was 
intended that the design for the 5. 07MHz oscillator clock of 
Figure G.l should be used. 
The 1:2 bandwidth needed here (1.5 - 3.0MHz) necessitated the 
use of a varactor with a capacitance ratio of at least 1:4. The 
MV1404 has a specified ratio of 1:10 (see Appendix B) and thus 
suited the task admirably. 
The desired frequencies were as follows: 
n/2 f Pattern frequency 
lOOkm 1.5kHz 2.998 500MHz 
lOkm 15kHz 2.985 OOOMHz 
lkm 150kHz 2.850 OOOMHz 
lOOm 1.5MHz 1.500 OOOMHz 
25m 6MHz (3.0 - (-3.0))MHz 
Table 5.4.1 9/lO's Pattern frequencies needed. 
The 6MHz measurement is achieved by using a Remote pattern, lkHz 
above (instead of below) the Master pattern frequency. This 
causes a reversal of the signs in Equation 4.1, and thus a phase 
measurement at 6MHz is achieved. 
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The Master and Remote pattern frequencies are: 
Master 
(MHz] 
3.000 000 
Remote 
(MHz] 
3.001 000 
2.999 000 
2.998 500 2.997 500 
2.985 000 2.840 000 
2.850 000 2.840 000 
1.'500 000 1. 499 000 
Table 5.4.2 Master and Remote pattern frequencies. 
58 
Work on this module was suspended until the IF Phase Detector had 
been completed, as it was more important to implement a means of 
Group Delay measurement. The module has, therefore, progressed no 
further than the design stage. 
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5.5 PHASE COUNTER 
5.5.1 Path Length 
A signal transmitted on a Microwav~ Radio Link, takes a finite 
time to travel from the transmitter to the receiver. The velocity 
of the signal is very nearly the speed of light, being: 
1 [ 1] 
where 
and 
v 
µ 
E 
= 
= 
............. (S.5.1) 
v ( µ * E 
permeability of air 
permittivity of air 
c = 3 * 108 m/s in 'free space' ) 
Thus if one assumes that the signal takes a single path between 
transmitter and receiver, and the frequency of the signal is 
known, the distance travelled can be determined from the phase 
shift of the signal. ie: 
(I) 
0) 
0 
== 
I 
_[_l_~---------•I 
I 
I 
1 ~f phase [ 0 ] 
I ft time [secs] 
Figure S.5.1. Phase shift, time and distance. 
r 
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59 
The diagram illustrates the relationship between phase shift, 
time, and distance travelled. This is of course the basis of the 
Tellurometer Principle (Chapter 4). 
n Sig [mJ OC 0 Shift OJ 
( n : wavelength of signal 
& 0 Shift (OJ oc t (seconds] 
Thus, by timing the delay between the zero crossings of the 
signal, one can calculate the distance between the Transmitter 
and the Receiver. This obviously needs a knowledge of the 
frequency and speed of the signal. The precision of the final 
result rests on these values. 
5.5.2 Tellurometer Method Revisited 
In the section on the Tellurometer (Chapter 4); it was seen that, 
by using test signals of different wavelengths, the phase 
ambiguities can resolved. The phase shift between the reference 
signal at the master instrument, and the signal returned from the 
remote instrument, is the factor we require. 
In order to obtain this measurement with any degree of accuracy, 
the signals are mixed down to lkHz. The mixing process does not 
effect the phase difference between the signals. After the 
reference and returned signals have been separated by the FM and 
AM demodulators respectively, the phase shift is measured. 
5.5.3 The Counter 
In timing the delay (phase shift), the accuracy and .resolution of 
the counter have a direct impact on the overall performance of 
the PLA. It is, therefore, vital to have a stable and accurate 
clock source to act as a timing reference. 
The phase resolution of the counter depends on the frequency of 
the clock source and the number of bits available on the counter. 
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Thus, with a clock source of 2. 5MHz and a 12 bit counter, a 
resolution of 1 : 2500 is possible. ie: 
2.5MHz 
= 2500 < 212 4096 
lkHz I 
(This is the maximum 
count of the· counter) 
360° 
=> = 0.144° 
2500 
The CMW20 Tellurometer(2] design was used as a basis from which 
to develop the counter. The simplicity of the design, its high 
resolution, and the fact that it has a digital output, were all 
factors in its favour. 
5.S.3(a) The Counting ,,. Mechanism 
The following 
shift refers 
description of the method of measuring 
to the circuit diagram in Fig 5~5.2. 
reference and returned signals, are fed into a J /K 
the phase 
The lkHz 
flip-flop 
( IC5a) which is configured to act as a "phase gate". The 2. 5MHz 
square wave output of the "divide-by-two" J/K flip-flop (IC5b) is 
fed into an MC4040 binary counter. 
Before reaching the phase gate, in order to enable the counting 
process to begin, the reference or 'start' signal is passed 
through a Band Pass Filter (BPF). The signal we are interested in 
is a lkHz sine wave. The filter is tuned to lkHz. This ensures 
that DC drift and high frequency noise in the signal are 
rejected. 
The output of the filter is fed into a zero crossing detector. 
The comparator is configured such that the decision threshold 
closely follows the DC level of the input waveform. A pulse 
former on the output of the comparator feeds into the phase gate, 
enabling the gate. This sets IC5b to toggle on receipt of a clock 
pulse. It also resets the counter (IC6) one gate delay before the 
2.5MHz clock is enabled. 
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61 
The returned ('stop') signal follows a similar course through a 
lkHz BPF, a zero crossing detector and a pulse former, before 
feeding into the clock input of IC5a. IC5a is configured so that 
a clock input toggles the flip-flop into the reset state. This 
disables the 2.5MHz clock signal, and effectively stops the 
counter. The output of the counter is clocked through to the 
latch,( IC7 & 8 ), one gate delay after the stop signal reaches 
the J/K. 
The output of the HC574 latch is connected to the data lines of 
an 8255 port in the IBM PC via a length of strip cable. Thus a 
digital word representing the time delay between the reference 
and delayed signal is present at the output of the latch at all 
times. Polling that particular port allows the computer to 
calculate the phase shift across the link. 
A full description of the design of the Counter can be found in 
Appendix G. 
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5.5.4 Phase Shifter 
In order to test the operation of the phase counter, it was 
necessary to develop a means of producing phase shifts varying 
from o0 through to 360°. An operational amplifier circuit, 
producing a variable phase shift of constant amplitude, was built 
on breadboard and used for test purposes. The circuit is shown 
.below. The detailed operation is discussed in Appendix D. 
V+ 
R' 
C:a) 
.I. c 
v-
Figure 5.5.3 Phase Shifter. 
A = 
a 
1 - jwRC 
1 + jwRC 
5.5.5 Results 
0 = 
a 
R' 
-1 
2.tan (w.R.C) 
( 5 . 4 . 3 ) 
The phase counter was tested using the phase shifter circuit of 
Figure D.1. A Krohn-Hite digital phase meter was used to measure 
the phase shift of the input signal. The results obtained using 
the COUNTER.PAS software of Appendix E, are tabulated below. A 
calibration factor of 24 counts was used. 
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Krohn-Hite 
[ 0 in ° ] 
------~----------------
0.2 
1. 0 
21.1 
40.0 
60.3 
81. 8 
100.6 
120.3 
139.6 
160.5 
174.3 
185.1 
200.6 
220.6 
242.3 
261. 7 
280.8 
300.5 
320.3 
340.3 
359.4 
Counter 
[ 0 in ° ] 
0.288 
1. 007 
20.869 
39.539 
59.873 
80.886 
100.461 
121.041 
139.751 
160.477 
174.150 
185.520 
200.488 
220.062 
242.082 
261.512 
281. 086 
300.660 
320.522 
340.959 
0.280 
Table 5.5.1 Phase Counter test results. 
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The sensitivity of the circuit is such that the input voltage can 
drop to 150mV before erroneous phase readings are obtained. The 
phase counter is intended to follow the gain detector circuitry 
and thus should not need any input amplification. 
5.5.6 AM Detector 
The outgoing signal from the master instrument, and the incoming 
signal from the remote, are mixed down to an Intermediate 
Frequency (IF). As a result of the mixing process, the IF signal 
contains both the returned and the reference signals. (see 
Chapter 4 on Tellurometer Method). 
The lkHz reference signal is extracted from the IF by a simple AM 
demodulator, while the returned lkHz signal is obtained by 
passing the IF signal through two successive FM demodulators. 
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' 
MIXER 
10.7 MHz 
100 kHz + 1 kHz (data) + 1 kHz AM + ( 1 00 + 1) kHz FM ( ref ) ( data ) 
FM DEMOO II .--
1 kHz (data) , 
AMP 
Figure 5.5.4 
FM DEMOD I 
( data ) 
IFrr,(B) amp 
-
IF+ 
. ( 100 + 1 ) kHz 
IF+ 1 
- PHASE COUNTER ( r 
•• 
, 
AMP - AM DETECTOR 
1 kHz (ref) 
kHz AM 
ef ) 
10.7 MHz 
Block diagram of Tellurometer Method. 
65 
A simple envelope ·detector design was chosen as an AM 
demodulator. The circuit below was built, and tested with 
simulated waveforms. 
Figure 5.5.5 
[)2 
C3 
47nF 
R4 
6SOR 
Univ•r•ity of Cap• Toyn - OJ~ 
AH Envelope Detector 
A ril 4 J.9 heet l. of 
AM Demodulator. 
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The DC blocking capacitors introduced an upacceptable phase shift 
of lOOµs independent of modulation depth or carrier level. (This 
phase shift can be removed with software techniques, although a 
better method is to use an IF transformer on the input.) The RC 
time constant of 32µs was found to produce a good replica of the 
input modulation waveform. 
One drawback of the simple envelope detector is the inherent high 
attenuation of 20-30dB ( 3). This can be solved by taking the 
lkHz output waveform, smoothing it with a Low Pass Filter and 
feeding the voltage back to an automatic gain control circuit. 
Another solution is to use the base-emitter junction of a npn BJT 
as the detector. The transistor supplies a small amount of gain 
to the signal. However, this is not sufficient to overcome the 
. attenuation, and an AGC system is advisable. 
- AGC out 
(:1 
10uF::J::: 
Ri 
C3 
.----------------"( 11 kHz > 
•H 
2H2222 
R2 l680R - C2 r 47nF 1 
+Vee 
R3 220nF 
lkS 
C4 I lOuF 
University of Cape Toun - DJG 
Active AM envelope detector 
iz:e ocurnent Number 
orc:ad~'l!lmdet2.dug 
l'll!lrc:h 20, 1989 heet 1. of 
Figure 5.5.6 Active AM Demodulator. 
These two adaptations of the detector had not been completed or 
tested by the time the author began this dissertation. 
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5.5.7 FM Demodulator 
The two most common types of FM detector are the discriminator 
and the ratio detector. The discriminator is a tried and tested 
means of demodulating FM signals, the most often used being the 
Foster-Seeley design. Yet, the AM rejection of the discriminator 
is poor,_ markedly so at off-resonant frequencies [4]. 
An alternative to constructing a ratio detector, was to use an 
FM/IF Amplifier IC, the Philips TDA1576. This IC was successfully 
used for the purpose of FM demodulation in the Tellurometer 
MRA 7 [5]. The chip was designed for use in FM radio receivers, 
using an IF of 10.7MHz. The author decided to try this approach, 
with the idea of shelving the design in favour of a discrete 
component ratio detector if necessary. The specifications of the 
TDA1576 report a sensitivity of 22µV (typical), an output voltage 
of 67-135mV and an AM rejection of SOdB. 
The IF signal is fed into a four stage limiter/amplifier after 
which it is demodulated, the quadrature demodulator being tuned 
by the external RLC network. The differential output is fed to 
pins 8 & 9. 
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IC! 
FU 
!OR 
R2 < 1k5 
68 
Ll ) • 331_1H ~) 
~t---· ---------; 
With 
0.1uF 
R3 C7 
330R '----+----4----="-i 
TDA1S76 
R3 
i----.--------"'/V~ 
3k3 
VR! 
SOk 
Univvr~it~ cf Cape Town - DJC 
TDA1576 a~ an FM Demodulator 
March 20 J.989 h~et .l of 
Figure 5.5.7 TDA1576 FM Demodulator. 
= 10.7MHz and a chosen value the 
calculations for the number of turns needed on the ferrite core 
were as follows: 
1 1 
L = f o = 
2n:f 0 ) 2. c 2n:v( LC ) 
v [ 
L(µH) ] N = . 100 ( 5. 4. 4 
AL 
I 
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[ 0.325 ] = v 100 34 
[ T25-2 core ] 
= 9.8t 
-----> 
The ratio detector below was proposed as an alternative. 
Di 
D2 
+Vee 
R1 
1k 
~ t~~n! ~ 330pF R4 
1kS 
R2 
6k8 
R3 
6k8 
RS 
<::lUkHHi:z J---f-,--c-4-~R 
-L 47nF 
UnivQr•ity of Cape Twon - DJG 
FM Ratio Detector-
Number-
orc:: ad~~fmdet2.dYg 
Mar-c::h 20 1999 eet l of' 
Figure 5.5.8 FM Ratio Detector 
C3 
10uF 
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Figure 2 The Phase Counter. 
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5.6 GAIN DETECTOR 
( The work on this module was done by Mr. Donald Gammon, my co-
worker on the Path Analyser project). 
The level of the Frequency Modulated IF is the measurement 
desired here. The easiest way of achieving this is to use an AM 
envelope detector, where the RC time constant is set to be 
sufficiently larger than the period of the lowest IF (50MHz). Any 
amplitude perturbations are thus captured by the detector 
The biggest problem, that had to be overcome, was the low dynamic 
range of the envelope detector. This was solved by using a three 
stage strip of logarithmic amplifiers. Each amplifier, in this 
case an SL 523, has an RF input, an amplified RF output and a 
separate detector output. Both the RF and the detector outputs 
saturate at a particular input level. 
The RF output of stages 1 & 2 are fed into the RF inputs of 
stages 2 & 3 respectively. The detector transfer characteristics 
of the stages are shown in Figure 5.6.1. 
1·2 
1-- 1·0 
::J 
... 
;; 06 
0 
0 0·6 
... 
Q 
> 0•4 
,0·2 v 
0 
1mY 
/ 
, 
/ 
11 I j I I I 
STAGE I 
GAIN I STAGE GAIN 111 
I ~ 1.i ,_,_ i I ~-I I .,l."I"' ~ ! 
I I ~ I I/"" 1: L~ '/ I I I )" ·I i 
~ /I J11 11 
STAGE 3 I VSTAGE 2 I STAGE , I 
I I I 11 I I 
I~ l11 ,,,{' I I l 
Yii!ll .A I I I ! I '\ 
10mV 100mY 
INPUT VOLTAGE 
Figure 5.6.1 Detector output current vs Input voltage. 
The saturation of each stage, at a particular input level, allows 
the detector outputs to be summed. This cumulative characteristic 
is shown in Figure 5.6.2. 
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I ! I I!! j I ! ! Ii!' 
! l ' ' 'i' 
INPUT VOLTAGE 
1 l i i: I 1 I"! 
100mV IV 
Figure 5.6.2 Increased dynamic range of summed output. 
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The Gain Detector schematic (Figure 5.6.3) shows the three stage 
strip followed by a 'lift' stage. The final DC offset and gain 
are trimmed before the voltage is applied to the modified 
envelope detector. The dynamic range of 65dB thus achieved is 
quite sufficient for use in the Path Analyser. 
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5.7 IF PHASE DETECTOR 
5.7.1 Phase Detector Overview 
The Phase Counter described in Chapter 5.5 was developed for the 
purpose of measuring the electrical path length of a Microwave 
Radio Link. The phase shifts at different 'pattern' frequencies 
are measured and used to calculate the distance travelled by the 
signal, and the maximum frequency used is 6MHz. 
It is impossible to make phase measurements at the IF, using the 
phase counter, because of the nature of the mixing process used 
in the Tellurometer Method. However, this is necessary in order 
to obtain an IF Group Delay characteristic for the link. 
Therefore, a means of obtaining a measure of the phase shift at 
frequencies of 50-90MHz had to be found. 
A separate detector was envisaged. The Tellurometer Principle had 
features that remained appealing and an attempt was made to 
develop a design which would utilise the Principle in part, and 
as much of the PLA design as was already in operation. 
The major problem was seen to be the bidirectional nature of the 
Tellurometer in which both the outgoing and the return paths were 
included in the final result. 
The challenge was to find a way to exdlude the return path, but 
retain as much of the method as possible. This would, of course, 
do away with most of the inherent error correction which makes 
the Tellurometer Method so efficient. In spite of this the scheme 
seemed to have promise. 
The aim was to utilise the difference terms of the mixing 
products of two signals in such a way that the IF phase shift 
could be measured, and yet to arrange the signals so that no 
return path would be used in the measuring process. A number of 
schemes, proposed and evaluated, are presented in the following 
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pages. Methods which included a return path were developed for 
evaluation purposes, and also to allow unforeseen possibilities to 
surface. 
5.7.2 Evaluation of IF Phase Detection Schemes 
The criteria used, to judge the relative attributes of the 
schemes, were: 
* The number of arbitrary phase constants present in the 
final measurement, which would need to be eliminated in 
order to obtain a final value. 
* Whether the scheme used a single, or double path 
measurement. 
* The proximity of the measuring frequency to the desired 
IF. 
NB 
It should be noted that where we have the relation 0 = 
2rr(f + fm) ot, we move away from the !F at which we are 
supposed to be measuring the Group Delay, although we 
are able to obtain greater resolution of phase shift as 
(f + fm) increases. 
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5.7.3 Sununary 
Tellurometer method 
* 
* 
* 
0 constants cancelled 
Displaced from the IF 
Two way measurement 
Frequency Modulation method 
* 
* 
* 
No cancellation of 0 constants 
At the IF 
Two way measurement 
Self-Amplitude Modulated method 
* 
* 
* 
Few 0 constants 
At the IF 
One way measurement 
nFr method 
* Least 0 constants 
* At the IF 
* One way measurement 
Evaluation 
pro 
con 
con 
con 
pro 
con 
(pro) 
pro 
pro 
pro 
pro 
pro 
82 
The nFr scheme was thus adopted, and investigations into its 
realisation commenced. A detailed plan diagram of the proposed 
scheme and the means of testing its feasibility is laid out in 
Figure 5.7.6. 
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Initial test results, on individual parts of the system, follow 
the plan diagram. Problems, involving earth loops, and impedance 
mismatches, caused the the frequency locking mechanism of the IF 
synthesiser to fail after tests had commenced. Time constraints 
did not allow for further investigations once these problems had 
been overcome. 
5.7.4 Description of the nFr Scheme 
The nFr scheme, utilises the Frequency Synthesisers planned for 
the path length analysis part of the PLA and includes is the 
Minicircuits SBL-1 mixer package. 
The only additional devices used, were the signal sources needed 
to replace the TCXO in the original synthesiser. 
At the remote instrument, a signal nFr is synthesised, using a 
source oscillator Fr. The frequency nFr would eventually have 
been swept across the channel bandwidth of 50-90MHz. At the 
master instrument, a similar signal (n-l)Fr' is synthesised, 
initially unsynchronised to Fr. The possibility of using one of 
the mixing products to synchronise the two, does exist. After 
traversing the link, nFr is mixed with (n-l)Fr', resulting in a 
signal of four distinct components. 
*A low frequency (Fr - Fr'), which could be used to 
bring Fr & Fr' into lock. 
* A component at Fr' 
* A phase constant (n-l)0r 
* A phase constant 2rr.n.Fr.St 
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This last component is the desired DC value which is a measure of 
the phase shift on the link. By mixing the signal above with Fr', 
the component at Fr' is eliminated and the arbitrary phase 
constant is changed from (n-l)0r to n0r· 
We have assumed that we can eliminate the low frequency component 
Fr - Fr', and calibrate out the arbitrary phase constant, which 
is independent of the signal path. This unwanted phase value 
remains a constant as long as the synthesiser at the remote is 
not reset. This implies that the sweep variation from 50-90MHz 
needs be implemented by varying Fr, while leaving n constant. 
n Fr Relative BW 
50 => 1.0 MHz -> 1.8 MHz 1. 8 
30 => 1. 6 MHz -> 3. 0 MHz 1.8 
20 => 2.5 MHz -> 4.5 MHz 1. 8 
10 => 5.0 Mhz -> 9.0 MHz 1. 8 
Table 5.7.1 Fr Source Data. 
If n = 30 is implemented, the same VCO's can be used to generate 
Fr and Fr' as are used to generate the pattern frequencies of the 
path length analysis. This is feasible because the exact value of 
Fr is not critical. 
To realise the scheme, the following features are necessary: 
*Variable XCO's to generate Fr and Fr'. 
* A variable delay that will leave n0r unaffected. 
*A frequency locking mechanism for Fr and Fr'. 
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5.7.S Proposed Test Procedure 
Initially , to verify the scheme, the synthesiser is used, with 
Fr' = 5MHz taken from the TCXO, and nFr generated directly from 
the HP8656B signal generator. The path is varied by adding 
different known lengths of coax cable. The cable used was 
RG-174U, with a phase velocity of c/1.515 (c ~ 3.10Bm/s), the 
dielectric constant being such that: 
c 
0.6606c 
Thus = n . o.6606 
And = 0121 . 1.515 
Lengths of 1, 0.5, 0.2 & O.lm were prepared and the phase shifts 
produced by these lengths are as follows: 
--------- ------------
--------
---------
-------- -------
IF n O. lm 0.2m 0.5m lm 
[MHz] [m] 
--------- ------------
--------
---------
-------- -------
50 6 10.1° 18.2° 45.5° 90.lO 
70 4.29 12.7° 25.5° 63.6° 127.3° 
90 3.33 16.4° 32.7° 81.8° 163.8° 
--------- ------------
--------
---------
-------- -------
Table 5.7.2 Phase shifts produced by lengths of coax cable 
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The DC output of each of the mixers, Fr, ( n-1) Fr, and 8t, for 
each different path length (1), were checked . Once this had been 
verified, sweep tests of the channel bandwidth are done. The 
crucial element of the scheme being the sensitivity of the mixers 
to the phase difference of the signals. Another important factor 
to determine is the relative difference in magnitude of the DC 
value ot the arbitrary phase constant, compared to the value 
corresponding to the variation of the phase. 
5.7.6 Phase Response of SBL-1 
The response of the SBL-1 package was examined in order to be in 
a position to critically analyse the later results. The equipment 
used was: 
* HP4195A 
* HP8656B 
* HP8350B 
Network/Spectrum Analyser 
Signal Generator 
Sweep Oscillator 
(RF) 
(LO) 
With the sweep oscillator feeding the LO input of the mixer at 
the recommended level of +7dBm, and the Signal Generator 
supplying the RF signal at +ldBm, the following spectra were 
observed at the output of the mixer: 
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These spectra demonstrate the sum and difference products of the 
mixing process, .with adequate RF and LO input isolation: 
LO :::: 5 3dB down, and RF :::: 3 5dB down. They do not in any way 
demonstrate the phase difference of the waveforms, as the 
analyser cannot display DC values. 
Before attempting to put together the proposed nFr scheme, tests 
were done to determine the phase sensitivity of the double 
balanced mixer package. 
F in DC out 
Figure 5.7.9. DC Output of Zero Phase Shift. 
A phase shift of 0° resulted in a DC output voltage of -211mV. 
Adding lengths of coax to the line feeding the RF input of the 
mixer package, produced the following results: 
Cable length 
-------- -------- -------- --------
At 50 MHz: O.lm 0.2m O.Sm 1. Om 
f-----------------
-------- -------- -------- --------
Phase shift 10.1° 18.2° 45.5° 90.1° 
-----------------
-------- -------- -------- --------
Output voltage -188mV -167mV -68mV +62mV 
-----------------
-------- -------- -------- --------
At 70 MHz: 
f-----------------
-------- -------- -------- --------
Phase shift 12.7° 25.5° 63.6° 127.3° 
-----------------
-------- -------- -------- --------
Output voltage -195mV -155mV -37mV +79mV 
-----------------
--------
--------
-------- --------
At 90 MHz: 
f-----------------
-------- -------- -------- --------
Phase shift 16.4° 32.7° 81.8° 163.8° 
-----------------
-------- -------- -------- --------
Output voltage -185mV -153mV -80mV +131mV 
-----------------
-------- -------- -------- --------
Table 5.7.3 Phase shift vs DC voltage output: SBL-1 
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The results of Table 5.7.3 show that the DC output voltage is a 
monotonic function of the delay between the input signals. 
However, this DC voltage appears to vary with frequency in a non-
monotonic fashion. A means of correcting for these variations 
needs to be implemented if this DC voltage is used to determine 
the Group Delay characteristic across the IF bandwidth. 
5.7.6(a) Low Pass Filter 
Examination of spectra of the ·frequency synthesiser, of the TCXO, 
and of the output of the mixer, indicated that a low pass filter 
was needed to exclude all harmonics and source frequencies higher 
than Fr. With a final Fr of l.6-3MHz, the filter characieristics 
of Figure 5.7.10 were realised,_ using a 5th order Chebyshev 
passive LC filter. (See Appendix A for design procedure and 
spectral plots.) 
c 
0 
:;:: 
0 
::J 
c 
Q) 
-< 
( 6 ) fp f~ 24 ) 
Frequency [ MHz ] 
Figure 5.7.10 LPF Tolerance Limits 
5.7.7 Initial Tests-of nFr Scheme 
Limited success was achieved with the system in Figure 5. 7. 11 
below, before the frequency lock of the synthesiser failed. The 
HP8656B Signal Generator supplied the nFr signal of 70MHz at 
+ldBm, and the synthesiser generated the (n-l)Fr of 60MHz at 
-2dBm. Attenuator pads were used to reduce the output of the TCXO 
from +lldBm to +ldBm. 
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(n-1) 
nFr (n-1)Fr x 
70 MHz 65 MHz 
HP 85368 DELAY LINE SBL-1 
SYN TH 
Fr 5MHz 
Figure 5.7.11 Testing of nFr scheme 
Using an oscilloscope to examine the low pass filtered output of 
the second mixer, a low amplitude (~.OSv) sine wave, superimposed 
on a DC level of 0. 585v, was observed .. Inserting each of the 
sections of delay line had no noticeable effect on the 0.585v DC 
level. 
While an attempt was made to to rectify the problems with the 
frequency lock of the synthesiser, no further investigations were 
done It is hoped that further studies, to be done by 
Mr. Gammon, will produce conclusive results of the feasibility of 
this scheme. If this avenue is pursued, RPD-1 Phase Detector 
packages will be preferable to the SBL-1 Mixers. 
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SUMMARY 
Data Interface 
An HPIB system was initially developed as a data interface 
between the IBM Personal Computer and the Path Analyser hardware. 
When this proved inadequate as regards rate of data trans fer, 
data acquisition cards were purchased and installed in the IBM. A 
PC-26 card was used for the capture of the analog data, and an 
8255 card for the capture of the digital data. 
PC-26· 16 A/D channels. 
12-bit resolution. 
25kHz rate of data conversion. 
8255 Six, 8-bit ports. 
lMHz rate of data transfer. 
These cards were quite adequate to allow for the lOOMHz/s sweep 
rate of the Path Analyser~ 
Synthesiser 
A 50-90MHz frequency synthesiser was .built using the Philips 
SAA1057 and the Plessey SP1648 IC's. The synthesiser was 
controlled by one of the 8255 ports via either the Frequency 
Loading Interface or the A/D-D/A. A problem with the Frequency 
locking mechanism remained unresolved, however, on the whole the 
operation of the synthesiser was satisfactory. 
50MHz - 90MHz Frequency bandwidth. 
-lOdBm Output level. 
SOOns 'set up' time. 
± 2.0Hz stability. 
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Phase Counter 
A digital phase counter operating at lkHz was built and tested. 
The counter was designed along the lines of that used in the 
CMW20 Tellurometer, manufactured by Plessey SA. 
1 2500 resolution. 
Gain Detector 
A simple envelope detector was built to measure amplitude 
perturbations of the IF carrier signal. The dynamic range was 
increased by including a three stage logarithmic amplifier strip. 
65dB Dynamic range. 
Phase Detector 
A number of novel schemes for measuring the Group Delay of the IF 
were investigated. The most promising scheme was chosen and 
tested. Due to an unresolved malfunction of the test rig, no 
conclusive results, as regards the feasibility of the scheme, are 
available. 
Software 
A number of programs were written in Turbo Pascal, to test the 
operation of the constructed modules. It is intended that these 
be grouped into a cohesive unit, in the form of a control system, 
once the hardware construction is complete. 
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CONCLUSIONS AND RECOMMENDATIONS 
On the whole, the Path Analyser shows promise in fulfilling 
expectations. Al though a complete system has not, as yet, been 
implemented and tested, the individual modules constructed so 
far, appear to be satisfactory. It is hoped that Mr Gammon will 
be able to form them into a cohesive unit before submitting his 
thesis. 
The Data Interface of the 8255 and PC-26 data acquisition 
cards has proved adequ~te for the purpose of data capture. 
The Frequency Synthesiser has been found to function as 
expected, except for an unresolved problem with the 
frequency locking mechanism. It is recommended that the 
Pattern Generator be built along similar lines . 
. I The digital Phase Counter appeared to perform adequately 
when tested. The phase meter used had insufficient 
resolution to properly check the accuracy of the detector, 
being only accurate to one decimal point, where accuracy to 
two decimal points was needed. It is recommended that a 
means of more rigorous testing be implemented before 
including the detector in the Path Analyser. 
The Gain Detector, with a dynamic range of 65dB appears to 
be capable of measuring any degradations of gain which occur 
in the path. 
The IF Phase Detector needs to be tested further before any 
statement can be made about its feasibility in the Path 
Analyser application. It is recommended that the 
Minicircuits RPD-1 Phase Detector packages be used in place 
of the SBL-1 Double Balanced Mixer packages, should the 
method be proved viable. 
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APPENDIX A 
Low Pass Filter Design 
The standard design procedure for a passive LC Chebyshev LPF was 
followed. The output and input impedances are SOQ. The pass band 
was originally set at 0 -> 6MHz. In the second design, this was 
reduced to 0 -> 4MHz in order to attenuate an unwanted harmonic 
at 6MHz. The passband attenuation was chosen to be <O.ldB, the 
stopband attenuation >45dB, beginning at 24MHz. 
1) 
,........., As ( 45 ) CD 
""'O 
'---' 
c 
0 
-c 
::::J 
c 
CJ.) 
-
-<( 
( 6 ) f p f~ 24 ) Frequency [ MHz ] 
Figure A.1 Low pass filter tolerance limits. 
f s 24 
Qs = = = 6 
---> 
f p 4 
& = 4 MHz 
------> 
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II 
2) Graphs of As and Ap (see end of Appendix A) were used to get 
values of N & Qs [l]. 
3) 
4) 
For As = 45dB 
Ap = .ldB 
f = 4MHz 
ref 
R 
L = ref 
2rr. f 
ref 
1 
cref = 
2rrf refRref 
50 
L = 
ref 
2rr.4.106 
1 
c = 
= 
= 
ref 
2rr.4.106.50 
From tables of Chebyshev filter 
5th order 
' 
"[" = 10% 
cl = 0.9732 
c2 = 1. 803 
C3 = 0.9732 
N = 5th order 
!..:.~~~!i> 
2~~E~> 
transfer function [ 2] : 
12 = 14 = 1. 372 
r2 = 1. 000 
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III 
R. = r .. R [ Q] l l ref 
f. = Q .• F [Hz] l l ref 
L. = l. .L [HJ l l ref 
c. = c. c [ F] l l ref 
cl = CS = ZZiE~> 
C3 = !.:.!~!!!~> 
L2 = L4 = ~.:.Z~~!!> 
Cl ~3 cs 
0 I ( 0 
.762PF ins 762pF 
L2 L4 
2.7uH 2.7uH 
SOR SOR 
University or Cape Toun - OJC 
it le 
Sth Order Cheby~hev BPF 
iz.t! ocul'IM!'nt Number E 
orcad~'lcfilter.dug 1.0 
Figure A.2 Schematic of LPF 
I 
I 
! 5) For a T25-2 core (red), AL = 43: 
I 
1 v [ 
L(µH) l N = . 100 AL 
[ 2.729 l = v 100 43 
= 25.20 turns 
------------> 
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TABLE 9. CHEBYSHEV Low-PASS, DEGREE 2-9 
...... 
'2 ~ '6 lg 
-
,0. "i '91 -c3I c,I C7I ,, I 0 
" 
p Ct 12 C3 '4 Cs I. C1 /g C9 ,, 
2 0.2858 0.2746 0.9608 
2 
s 0.4588 0.4151 0.9048 
10 0.6667 0.5455 0.8182 
25 1.155 0.6928 0.6000 
2 0.4520 0.7838 0.4520 1.000 
3 
s 0.6396 0.9789 0.6396 1.000 
10 0.8534 1.104 0.8534 1.000 
25 1.345 1.141 1.345 1.000 
2 0.5379 1.041 1.084 0.5168 0.9608 
s 0.7231 l.207 1.334 0.6543 0.9048 4 10 0.9332 1.292 1.580 0.7636 0.8182 
25 1.420 1.260 2.100 0.8519 .6000 
2 0.5849 1.169 1.369 1.169 0.5849 1.000 
s s 0.7664 1.310 1.588 1.310 0.7664 1.000 10 0.9732 1.372 1.803 1.372 0.9732 1.000 
25 1.456 1.307 2.283 1.307 1.456 1.000 
2 0.6126 1.240 I.SOS 1.446 1.290 0.5885 0.9608 
6 s 0.7912 1.365 1.700 1.538 1.508 0.7159 0.9048 10 0.9958 1.413 1.895 l.SSO 1.727 0.8147 0.8182 
25 1.476 1.330 2.353 1.412 2.216 0.8855 0.6000 
2 0.6301 1.282 1.579 1.575 1.579 1.282 0.6301 1.000 
7 s 0.8068 1.400 1.757 1.634 1.757 1.400 0.8068 1.000 10 1.010 1.437 1.941 1.622 1.941 1.437 1.010 1.000 
25 1.488 1.343 2.388 1.451 2.388 1.343 1.488 1.000 
2 0.6419 1.309 1.623 1.643 1.710 1.560 1.363 0.6167 0.9608 
8 5 0.8171 1.417 1.791 1.684 1.861 1.621 1.566 0.7392 0.9048 10 1.019 1.452 1.968 1.657 2.025 1.610 1.774 0.8336 0.8182 
25 1.496 1.351 2.407 1.470 2.450 1.444 2.252 0.8977 0.6000 
2 0.6501 1.328 1.652 1.684 1.779 1.684 1.652 1.328 0.6501 1.000 
9 5 0.8242 1.431 1.813 1.712 1.913 1.712 1.813 1.431 0.8242 1.000 10 1.025 1.462 1.985 1.677 2.066 1.677 1.985 1.462 1.025 1.000 
25 1.502 1.357 2.420 1.481 2.480 1.481 2.420 1.357 1.502 1.000 
N p 11 C2 /3 c, /5 Co '7 Cs /9 Kl 
11 13 15 17 19 
1.0 <21 '41 '61 cs I r• l/91 
0 0 
.. 
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Fig. 12. Selecting the degree for a Chebyshev low-pass. 
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APPENDIX B 
Data Sheets 
The data sheets for the following devices can be found in this 
Appendix: 
SAA1057 
SP1648 
TOYO 
MV1404 · 
SBL-1 
RPD-1 
Frequency Synthesiser 
Voltage Controlled Oscillator 
Temperature Compensated Crystal 
Oscillator 
High Capacitance Tuning Di de 
Frequency Mixer 
Phase Detector 
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Series TCO 500 
TCO 512 
for 
Marine Radio System 
Frequency Synthesizer 
( 
Ir--e =--1 e-c-tr-i c-a-1-Sp_e_c_i f-i c-a-ti-o-ns-
Output frequency range 5-25 MHz 
Frequency stability 
vs. Temperature ±1ppm 
11
2ppm 
0 0 (-10-+60 C) (-20-+70 C) 
vs. Aging ± 1 PJ>!TI/year 
vs. Supply voltage ±0.4ppm/assigned voltage ±5% 
Power supply range DC+9-+12V 
Output level TTL Compatible (Fan-out 2) 
Dissipation current 20mA max. 
C:· Operable temperature -20-+70°C -30-+80°C 
range 
Frequency adjustment ±3ppm min. by means of external potentiometer ( 1 OKn) 
!Outline Drawing 
· Pin connections -
1-2-5 Freq.Adj. 
~~lllifi~f(ill11"::1~~if+!~~~·~;~~:~~ 
2 1 5 
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... , 
... 
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most widely-used 
Frequency Mixers 
LEVEL 7 (+7dBm LO up to· +1dBm RF) 
case style selection 
OJtfne ctawhgs see pages A-9 
FREQUENCY CONVERSION LOSS LO-RF ISOLATION, dB 
MHz dB 
LO/RF IF Mid-Band Total 
MODEL m Range L M u 
NO. fl·fu Typ Mox. Typ. Mox. Typ. Mil\ lyp. Mil\ Typ. Min 
GRA 
case 009 
GRA·1 5.500 DC-500 5.5 7.0 6.5 8.5 50 45 45 30 35 25 
GRA-3 .025-200 DC-200 55 7.5 6.5 8.5 60 50 45 35 35 25 
GRA-6 .003·100 DC-100 5.5 7.5 6.5 8.5 60 50 45 30 35 25 
GRA·8 .0005-10 DC-10 o.5 7.5 7.0 8.5 60 50 50 40 45 35 
SRA• 
case A01 
SRA·1 
SRA·1TX 
.5-500 DC-500 
.5-500 DC-500 
5.5 7.0 6.5 
55 7.0 6.5 
8.5 50 45 45 30 35 25 
8.5 50 45 45 30 35 25 
case AOO 
D SBl 
case A06 
TAK 
case A04 
5RA·1W 1-750 DC-750 5.5 7.5 6.5 8.5 50 45 45 30 35 25 
SRA·1·1 1-500 DC-500 5.5 7.5 6.5 8.5 50 45 45 30 35 25 
5RA·2 1-1000 .5·500 55 7.5 6.5 8.5 45 30 35 20 30 20 
SRA·2CM 5-1000 DC-1000 6.0 7.0 6.5 8.5 60 50 35 30 30 25 
SRA-3 .025-200 DC-200 5.5 75 6.5 8.5 60 50 45 35 35 25 
SRA·• 5-1250 5-500 55 7.5 6.5 8.5 50 40 40 20 30 20 
$RA·5 5-1500 10-600 7.0 8.0 75 8.5 50 45 35 30 30 20 
SllA·6 003-100 DC-100 55 7.5 6.5 85 60 50 45 30 35 25 
$llA·8 0005-10 DC-10 6.5 7.5 70 85 60 50 50 40 45 35 
SRA·11 5-2000 10-600 7.0 85 75 90 50 45 35 25 30 20 
SRA-12 800-1250 50-90 :- - 60 7.5 32 25 35 25 35 25 
SRA·2000 ~100·2000 DC-600 6.0 9.5 70 9.5 - - 37 20 - -
SRA-2400~£ 750-2400 DC-400 ! 
- -
6.7 9.0 30 20 30 20 30 20 
SRA-3500 ~'<..~ 500-3500 DC-1000 
- -
7.5 9.5 30 17 30 17 30 17 
581.·1 1-500 DC-500 5.5 7.0 6.5 80 60 45 45 35 40 25 
S81.-1X 10-1000 5-500 6.0 7.5 7.0 8.0 50 40 40 30 30 20 
S81.·1Z 10-1000 DC-500 6.5 7.5 70 9.0 I 50 40 35 25 25 20 
S8l·1·1 0 1-400 DC-400 5.5 7.0 6.0 80 ' 50 45 45 30 35 25 
581.-3 025-200 DC-200 5.5 7.5 60 8.5 i 55 50 45 30 35 25 
SBL-11 lit~ 5-2000 10-«Xl 7.0 8.5 7.5 9.0 50 45 35 25 30 20 
TAK·5 .01·250 DC-250 55 7.0 65 85 60 50 50 35 40 35 
TAK-SR 05-200 DC-200 5.5 6.5 65 8.0 55 50 45 35 45 35 
TAK-6 5-600 DC-600 55 75 6.5 . 85 60 50 50 30 40 25 
TAK·611 5-600 DC-600 6.0 70 6.5 8.0 55 50 45 40 35 30 
TAK-7 2·1000 5-500 5.5 7.5 6.5 8.5 45 30 35 20 30 20 
L= low range (fLto 10 fd M =mid range (10fL to fu/2) 
m=mid band (2fLto fu/2) 
• SRA-5 case style is A06. 
• HTRB tested. 3 year guarantee 
0 NON-t£Rtv£0C: 
1 For quohty control procedures. environmental specifications. 
ond Hi-Rel. MIL and TX description see Td:lle of Contents. 
2 Absolute Maximum Ratings; 
RF power 50 mW. peak IF current AO mA. see Td:lle of Contents. 
3 PAM-42 protected under potent 4.430.758. 
4 Prices ond specit1cotions subject to change without notice. 
pin connections 
see case s~yle outline drawing 
Series GRA SRA 
ofl -1 -2 -6 -1W -5 
models -1TX -A -8 -2CM -11 
models -1-1 -12 
.-2000 
-3 
-2AOOt 
-3500t 
LO 1 8 8 8 8 8 
RF 6 1 3.A 1 1 1 
IF 4 3.A. 1 3 . .11· 3.A• 3 
GND 2.3.5 2.5.6.7 2.5.6.7 2.5.6.7 2.5.6.7 2.5.6.7 
CASEGND 
- 2 2.5.6.7 ~ 2.5.6.7 2.5.6.7 
"pins must. be connected together externollv I (LO - 1. RF - 8) 
l 
J 
SBL 
-1 -1X 
-1-1 
-3 
8 8 
1 3.A 
3.A• 1 
2.5.6.7 2.5.6.7 
- 2.5.6.7 
LO-IF ISOLATION, dB PRICE.$ 
, 
l M u 
Typ. Min Typ. Mil\ fyp. Min. Ea. Qty. 
45 35 40 25 30 20 12.95 (6-49) 
45 35 40 30 30 20 15.95 (6-49) 
60 45 40 25 30 20 22.95 (5-24) 
60 50 50 40 45 35 25.95 (5-24) 
45 35 40 25 30 20 11.95 (1-49) 
45 35 40 25 30 20 49.95 (1-49) 
45 30 40 25 30 20 14.95 (5-24) 
45 30 40 25 30 20 13.95 (5-24) 
45 30 30 20 30 20 14.95 (5-24) 
50 45 30 25 25 20 14.95 (1-49) 
45 35 40 30 30 20 14.95 (5-24) 
50 40 40 20 30 20 16.95 (5-24) 
45 40 30 25 25 15 21.95 (5-24) 
60 45 40 25 30 20 21.95 (5·24) 
60 50 50 40 45 35 26.95 (5-24) 
45 40 30 20 25 15 26.95 (5-24) 
30 20 30 20 30 20 2495 (5·24) 
- - - -
30 20 31.95 (1-24) 
30 8 30 8 30 8 19.95 (1-24! 
20 8 20 8 20 8 34.95 (1-24 
45 35 40 25 30 20 4.50 (10-49) 
50 45 40 35 35 25 5.95 (10-49) 
40 25 25 18 19 15 6.95 (10-49) 
45 30 40 25 30 20 6.50 (10-49) 
45 35 40 30 30 20 7.50 (10-49) 
45 40 30 20 25 15 16.95 (5-49) 
55 45 45 30 35 25 18.95 . (1-4) 
50 45 40 30 40 30 15.95 (5-24) 
55 45 45 30 30 20 18.95 (1-4) 
45 40 40 25 30 25 15.95 (5-24) 
45 30 35 20 30 20 20.95 • (1-4) 
U =upper range (fu/2 to fu) 
.schematic 
R 
c 
TAK 
-1Z -11 -5 -7 -SR -6R 
-6 
1 8 8 8 8 1 
8 1 1 3.A 1 8 
3 
-
3 3.A. 1 3.A• 5.6· 
2.5.6.7 2.5.6.7 2.5.6.7 2.5.6.7 2.3.A.7 
2.5.6.7 2 2.5.6.7 - 3.A.7 
96 t::;JMini-Circuits P 0 BOX 350166. Brooklyn. New York 11235-0003 (718) 934-4500 FAX (7 'i8) 332-4661 TELEX 6852544 or 620~56 
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highest figure of merit 
Phase Detectors 
1 OOOmV DC output, + 7dBm RF 
1MHz to 200 MHz. 
case style selection 
-·uu· outtle <towhgs see pages 4-9 
description . 
These new high effici8ncy phase detectors ae the only 
I.flits in the world offemg a figu'e-oknerlt greater than 125 
from only $15.95. 
The liglle-of-mertt M or effic:ienc:y of a phase detector 
can be defined as the ratio of rnaxi'num DC output voltage 
fn mV) divided by the RF power fn dBm). The maxlr!Un DC 
output from these lllits is 1000 mv with + 7 dBm applied .to 
the LO and RF ports, and DC offset is typicaly 400 micro-
volts. Thus. Its figoJe-of-mertt M is 143. which indicates a 
highly efficient phase detector. Far comparison. a double-
balanced mixer used as a phase detector offers 350 mV 
DC output with the same LO and RF Inputs for a figure-of-
mertt Mof 50. 
Both the RPO and MPD are packaged in a hermetically-
seoled EMl-shielded metal case. The miniature RPO mea-
Slles 0.4 x 0.8 x 0.4 in. and the micromin MPD only 0.2 x 0.5 
x 0.25 in. 
So when your system requires a high output phase detec-
tor. specify the new RPO or MPO series. 
NOTES: 
1. Maximum RF Jnput power, 50mW. 
peak IF current. 20mA. 
2. Refer to section 1 for QUOllty control 
procedures. environmental specifications. 
absolute maximum ratings. 
and hi-rel testing. 
3. Prices ond specifications 
subject to change without notice. . 
L R 
J c 
pin connections 
case A11 case 1!848 
applications 
•Rodar 
• ECM Systems 
• Test Instruments 
• Phase-lock loops 
cost (5-24J 
RPD-1 $15.95 MPD-1 $18.95 LPD·1 $21.95 
RPD-2 $17.95 MPD-2 $20.95 
specifications LPD-1 
MPD·1 
FREQUENCY RANGE (MHz): RPD·1 RPD·2 MPD-2 
Land R ports 1-100 5-1SO 10-200 
Output port DC-SO DC-SO DC-SO 
SCALE FACTOR (mV /degree) 8 8 8 
IMPEDANCE (ohms) 
Land R ports so so so 
I port soo soo soo 
L and R SIGNAL LEVELS +7 dBm +7 dBm +7 dBm 
ISOLATION. L·R. min. 40 dB 40 dB 40 dB 
MAX. DC OUTPUT (mV) 
Typ. 1000 1000 1000 
Min. 7SO 7SO 7SO 
OUTPUT POLARITY neg neg neg 
(Land R in-phase) 
DC OUTPUT OFFSET (mV) 
Typ. 0.2 0.3 0.3 
Max. 1' 1 1 
FIGURE-OF-MERIT. M 143 typ. 143 typ. 143 typ. 
Model RPD-1 
see case sfyle outline drawing PHASE DETECTION MAX OUTPUT vs FREQ. 
I I 
> 
L.R = +7d8m Serles RPO MPO LPD E 
. REF. L 8 8 ~ 8 
RF In: R 1 1 5 :! 
DC out: I •3,4 •3,4 4 0 > 
GNO. 2.5.6.7 2.5.6.7 1.2.3.6.7 ~ 
1000 
IOO 
600 
400 
200 CASE GNO. 2 2 
• pns mus! be extemaly connected together 
94 r;:JMini·Circuits 
1.2.3.6.7 CL ~ 
0 
. I l 2 5 10 20 50 100 
P.O. BOX 350166. Brooklyn, New Yori< 11235-0003 (718) 934-4500 
FAX (718) 332.-4661 TELEX 6852844 or 620156 
-
-
-
-
I 
I 
. ' 
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VI 
APPENDIX C 
RF Toroidal Core Data and Winding Details 
RF Toroids are commonly used in winding inductors, because the 
number of turns needed is far less than those of an air core 
inductor. They, are also used in forming power splitters . and 
impedance transformers. 
In winding an inductor, using one of the many RF toroids 
commercially available, the number of turns neccessary for a 
desired inductance value can be found as follows: 
2 -2 
(0.4) • N 
L = [ µH] . • . . . ( C. 1) 
N Number of ~urns 
µi Initial permeability 
Ac Cross sectional area of core [cm2) 
le Effective length of core [c~) 
In order to simplify the designers task, the manufacturers have 
supplied a table of Inductive Indices, AL. 
Now 
N V [ L[ µHJ ] 
AL 
* 100 ..... (C.2) 
When winding the cores the turns should be spaced as evenly as 
possible, to minimise interwinding capacitance, and the leads 
kept as short as possible. 
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VII 
APPENDIX D 
Phase Shifter Design 
A circuit producing a phase shifted constant amplitude version of 
its input signal was required in order to test the phase counter 
of Chapter 5. 5 [ 1). In the circuits below, the variable phase 
shift is controlled by the potentiometers. 
V+ 
R' R' 
<a> 
V+ 
R' R' 
(b) 
v-
Univvrsity or Capv Toun - OJC 
Title 
Con~tant amplitude Pha~e Shifter 
March 20 1999 heet of 
Figure D.1 Phase Shifter Schematic. 
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VIII 
Operation of the circuits is most easily understood if the 
extremes of operation are considered. If in Figure D.la, R is 
set to 0, the input is directly coupled to the non-inverting 
input of th~ opamp and a voltage follower results. As R becomes 
large, with respect to the impedance of C (z = 1/wC), an inverter 
configuration results. Thus, a phase shift close to -180° is 
produceq. 
The circuit of Figure D.lb can be analysed in the same fashion. 
A = a 
1 -' jwRC 
1 + jwRC 
When the pole and zero coincide the amplitude becomes 
invariant. 
The phase shifts are given by: 
= 
-180° + 0 a 
frequency 
The circuit in Figure D.la was used. The second was unnecessary, 
as reversing the 'start' and 'stop' inputs to the phase counter 
effectively adds 180° to the phase shift. 
References 
1) J. G. Graeme, "Applications of Operational Amplifiers: 3rd 
Generation Techniques". McGraw-Hill, N.Y. ppl02-3. (1973). 
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IX 
APPENDIX E 
Software 
The software developed for the Path Analyser was written in Turbo 
Pascal 4.0. The language has a neat, user friendly format, and is 
sufficiently fast and powerful for the Path Analyser application. 
One of the major attractions of Turbo Pascal 4.0 is the powerful 
graphics package it supports. In this dissertation, advantage was 
not taken of this aspect, but it is hoped that once a working 
model of the Analyser is completed, the graphics will supply the 
user with a versatile means of displaying results obtained. 
· The following programs were written to test the Frequency 
Synthesiser of Chapter 5.3, the Phase Counter of Chapter 5.5 and 
the Gain Detector of Chapter 5.6. 
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progr·arri SYNTH: 
{ This program drives the Frequency Synthesizer 
Philips SAA 1057 & MC1648. Frequencies of 50 to 90 MHz 
are generated. } 
uses 
dos, crt; 
canst 
max = 256; 
var 
done: integer; 
{-~--------------------------------------------------------------------} 
procedure initialize; 
var· 
i : integer; 
begin 
portC$263J 
por·t [$262] 
port[$260J 
port[$261 J 
por·t[$262J 
port[$262J 
port[$262J 
repeat 
·-. $88; 
·-. $08; 
·-. $15; 
·-. $El; 
:= $08; 
:= $04; 
:= $0A: 
{ The 8255 ports, interface card, and SAA 1057 
are reset to known states, and the SAA 1057 initialised 
for data transfer } 
{control word for 8255: 10001000} 
{ A :o/p, 8 :o/p, C0-3: o/p, C4-7: i/p} 
{port C: 0000 1011 reset flip-flop} 
{word 8, port A: ( 10-1; 14-ref;ll-cnt; 15-lock)} 
{word 8, port 8:El, E3, ES, ED, FD< gains)} 
{1st pulse low :port C 0000 1000} 
{2nd pulse high/low :port C 0000 0100} 
{return port C 0000 1010} 
done := 
until 
for i : = 
port[$262J or $EF; 
done = $EF; 
{ 0111 1111 } 
1 to 10 do begin end: 
end; 
.{-----------------------------------------------------------------------} 
pr·ocedur·e freq: 
{ Here the actual frequency data is sent to the Synthesizer ) 
var· 
i, J: integer; 
data: word; 
begin 
repeat { The S0-90MHz loop is repeated until a key is pressed ) 
begin 
data ·- $0C80; .
port[$260J ·-. $80; {port A for 50 MHz $80) 
port[$261J .- $0C {port 8 for· 50 r1Hz $0C} 
for j : = 1 to max + 1 do 
{ 256 frequencies between 50 & 90MHz are generated } 
begin 
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port[$262J := $04; 
port[$262J := $0A; 
data := data + $A; 
port[$260J := data and SOOFF; 
port[$261J := <data and $FF00) shr 8; 
if keypressed then halt; 
for i := 1 to 3000 do begin end; 
end; 
end; 
unt i 1 keypressed; 
end; 
{pulse high/low) 
{return) 
{Add 156.25kHz) 
{----------------------------------~--------------------------------------) 
p r o c e d u r· e t e s t ; 
var 
i, j: integer; 
worda, wordb: byte; 
begin 
worda := $90; 
wordb := $04; 
portC$263J := $80; 
port[$262J := $00; 
for j := 1 to 2 do 
begin 
portC$262J := $04; 
for i := 1 to 2 do begin end; 
portC$262J := $0C; 
for i := 1 to 2 do begin end; 
port[$262J := $04; 
for i := 1 to 8 do 
begin 
port[$262J := <worda and $80) + $04; 
portCS262J := <worda and $80> + SOC; 
portC$262J := (worda and $80) + $04; 
worda := (wor·da shl 1); 
end; 
for i := 1 to 8 do 
begin 
port[$262J := <wordb and $80) + $04; 
port[$262J := <wordb and $80) + SOC; 
· port[$262J := <wordb and $80) + $04; 
wor·db := <wordb sh 1 1); 
end; 
portC$262J := 
for i := 1 to 
po r tC $262 J : = 
for· i : = 1 to 
por·tC$262J := 
Wor·da := $3E; 
wor·db := $80; 
end; 
end: 
{MAIN PROGRAM) 
begin 
initialize: 
freq; 
{test;} 
$00; 
2 do begin 
$08; 
3 do begin 
$00; 
end; 
end; 
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program COUNTER; 
uses crt; 
var timer, loop, count. msbs, mmsbs, lsbs, stall, lsbits, msbits 
phase, delay, signal_period :real; 
const 
clock_frequency = 2499997.S; 
signal_frequency = 999.48; 
begin 
signal_period := l/signal_frequency; 
port[S267J := $88; { 8255 control word ) { B & C i/ps, A o/p ) 
{ port[$264J := $01;) 
timer := O; 
repeat 
timer := timer + 1; 
loop := O; 
while loop< 20 do 
begin 
lsbits := (port[S266J>; 
msbits := (port[$26SJ>; 
lsbs := <lsbits div 16) ANO $OF; 
msbs := <<msbits AND SOF>* 16) ANO SFO; 
mmsbs := <msbits ANO $FO> div 16; 
count := count + mmsbs•256 + msbs + lsbs; 
loop := loop +1; 
end; 
count := count div 20; 
{ wr·iteln<'ave =','',count);} 
delay := count I clock_frequency; 
{ writeln('delay =',delay:8:7,'secs');} 
end. 
phase := 360 * delay/signal_period; 
wr·ite('phase = ',phase:6:3); 
write(' m= ',msbits); 
write(' 1= ',lsbits>; 
writeln<' ',count>; 
count := O; 
loop := O; ·. 
for stall := 1 to 10000 do begin end; 
until {(timer= 1) or) keypressed; 
integer: 
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progr·am GAIN; 
uses 
graph, crt, dos; 
const 
max = S; 
freq = 7000; 
delay = 10000; 
addr = 707; 
var 
xmax, xmin, xorig, ymax, ymin, yorig, xleft, yleft, width, height, 
scalex, scaley, centrex, centrey, grmode, grdriver, ni: integer; 
dsave: integer; 
plot_data, ymsb, ylsb, output: array[0 •• 999] of integer; 
GPIO: text; 
{----------------------------------------------------------------------------
procedure selectHPIB; 
var 
address: string[8J; 
begin 
assign <GPIO, 'HPIBDEV'); 
rewrite<GPIO); 
str<addr, address); 
address := 'HPIB=' +address; 
exec<' HPIBMODE.COM' ,address); 
end; 
{~---------------------------------------------------------------------------
procedure enable IRQx<IRQ : byte); 
var 
imr, mask :integer; 
begin 
mask:= not <1 shl IRQ); 
imr := port[$21J; 
imr := imr and mask; 
port[$21J := imr: 
end; 
{---------------------------------------------------------~-------) 
procedure disable_IRGx<IRQ : byte>; 
var 
imr, mask: integer; 
begin 
mask : = ( 1 sh 1 I RQ) ; 
imr := por·t [$21J; 
imr := imr or mask: 
port[$21J := imr; 
end; 
{-------------------------------~------------------------------------------} 
procedure timer; 
canst 
elk = 4.77; 
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var 
factor: real; 
countl, countO: integer; 
lbl. lbO, hbl. hbO: byte; 
begin 
factor := <clk*250000.0)/freq; 
countO := trunc<factor/32767) + 1; 
if countO <= 1 then countO := 2; 
countl := roundCfactor/countO>; 
lbl := LO<countl); 
hbl := Hl<countl); 
lbO := LO<countO); 
hbO := Hl<countO>; 
{set counter 0) 
port[$707J ~= $34; 
port[$704J := lbO; 
portC$704J := hbO; 
{set counter 1) 
port[$707J := $74; 
port[$705J := lbl; 
port[$705J := hbl; 
{set counter 2) 
port[$707J := $84; 
port[$706J := $2; 
port[$706J := $0; 
end; 
{-----------------------------------------------------------------------------
procedure interrupt_S_service_routine; 
begin 
inl ine 
inl ine 
($1E/ 
$50/ 
$S3/ 
$Sl/ 
$S2/ 
$S7/. 
$S6/ 
$06); 
C$8C/$C8/ 
$8E/$08/ 
$Al/dsave/ 
$8E/$08) ; 
plot_data[niJ := (port[$701J and $0F)*2S6 + port[$700J; 
ni := ni +1; 
if ni > max + 1 then port[$702J := 2; 
port[$0020J := $20; 
in 1 in e ( $07 I 
$SE/ 
$SF/ 
$SA/ 
$S9/ 
$58/ 
$S8/ 
$1F/ 
$FB/ 
$CF>; 
end; 
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{----------------------------------------------------------------------------
procedure set_IVT<entry: integer); 
var 
offset, segment, firstword, secondword: integer; 
begin 
offset := OFS<interrupt_S_service_routine) + 7r. 
segment := Cseg; 
firstword := <entry + 8)•4; 
secondword := f irstword + 2; 
MEMW[$0000:firstwordJ :=offset; 
MEMWC$0000:secondwordJ :=segment; 
end; 
{----------------------------------------------------------------------------
procedure AD_sample (channel: integer); 
var 
L j: integer; / 
val: r·eal; 
value: string[6J; 
comm: string[20J; 
begin 
i : = 1 ; 
repeat 
val := <i - 1)•1 +SO; 
str·<val :6:3, value); 
comm:= 'fr'+value+'mz ap;.....Sdm'; 
write<GPIO,comm); 
port[$702J := <channel SHL 4) + 2; 
port[$702J := (channel SHL 4) + 3; 
for j := 0 to delay do 
begin 
end; 
{ AD_sample := (port[$701J and $0F)•256 + port[$700J;) 
ymsb[iJ := port[$701J; 
ylsb[iJ := port[$700J; 
i := i + 1; 
until keypressed or Ci =max+ 1); 
end; 
{-------------------------------------------~--------------------------------
procedure lookup; 
var 
i: integer; 
begin 
AO_sample <2>; 
for· i : = 1 to max do 
begin 
output[iJ := (ymsb[iJ and $OF>*256 + ylsb[iJ; 
end; 
end; 
{----------------------------------------------------------------~-----------
procedure initialize; 
begin 
grdriver :=detect; 
lnitGraph(grdriver, grmode, '' ); 
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xmax := max: 
xmin := O; 
xorig := O: 
ymax := 2; 
ymin := O; 
x left : = 75: 
y l e ft : = 285; 
width := 600; 
height : = 250; 
end; 
{----------------------------------------------------------------------------
function calaxis (a, b, c, d:real ): real; 
begin 
calaxis := <Ca - cl/Ca -b))*d; 
end; 
{----------------------~-----------------------------------------------------
procedure scalingfactors Cxl, x2, xo, yl, y2, yo, xl, yl, w, h:integer); 
begin 
scalex := round(w/(xl - x2)); 
scaley := round(h/(yl - y2)); 
centrex :=roundCxl +Cw - calaxis(xl, x2, xo, w))); 
centrey := roundCyl - Ch - calaxis(yl, y2, yo, hl)); 
end: 
{----------------------------------------------------------------------------
procedur-e axes; 
var 
tempx, tempy, i: integer; 
begin 
{draw box} 
rec tang l e C 20, 0, 700, 15) ; 
rectangle<20, 25, 700, 320); 
{draw axes} 
lineCxleft , yleft, xleft +width, yleft); 
line<xleft, yleft, xleft, yleft - height); 
. {draw ticks} 
tempx := roundCwidth/10); 
tempy := round<height/10); 
for- i := 0 to 10 do 
begin 
line<xleft + i*tempx, yleft - 3. xleft + i*tempx, yleft + 3); 
lineCxleft - 3, Cyleft - height) + i•tempy, xleft + 3, (yleft - height> ~ 
end; 
{headings} 
SetTextStyle<2, O, 5); 
SetTextJustify(l, 1>; 
OutTextXYC360, 6, 'GAIN ANALYSIS'>; 
end; 
{-------------------------------------~--------------------------------------
procedure drawpoints; 
var 
x, y: array[Q .. 999] of integer; 
i, nx, input: integer; 
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ypoint: real; 
begin 
for i := 1 to max do 
begin 
x[iJ := O; 
y[iJ := O; 
end; 
repeat 
OutTextXY<330, 340, 'HIT ANY KEY TO EXIT'); 
x[OJ := round(<O - xorig)*scalex + centrex); 
y[OJ := round<centrey - <O - yorig)*scaley); 
moveto<xCOJ, y[OJ); 
nx := 1; 
ni := 1: 
AD_sample (1); 
{ disable_lRQx(O);} 
{ set_IVT<S); } 
{ enable_lRQx(5);} 
{ port[$702J := $18;} {set Cl=O for timer clock, C3=1 to enable IRQS, char 
repeat 
{ if nx < ni then begin} 
putpixel (x[nxJ, y[nxJ, 0); 
{ ypoint := round<AD_sample/10);} 
input := ((ymsb[nxJ and $0F)*256) + ylsb[nxJ; 
ypoint := input/output[nxJ; 
x[nxJ := round<<nx - xorig)*scalex + centrex); 
y[nxJ := round<centrey - (ypoint - yorig)*scaley); 
putpixel <xCnxJ, y[nxJ, 15); 
{ end;} 
nx := nx + 1; 
until keypressed or (nx =max+ 1); 
{ di s ab l e _I RQ x ( 5) ; } 
{ enable_IRQx<O); } 
until keypressed; 
end; · 
{----------------------------------------------------------------------------
{MAIN PROGRAM} 
begin 
port[$703J := $92; 
po r tc $702 J : = 2; 
selectHPIB; 
{ dsave := Dseg;} 
lookup; 
initialize; 
scalingfactors<xmax, xmin, xorig, ymax, ymin, yorig, xleft, yleft, width, he 
axes; 
drawpoints; 
closegraph; 
end. 
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APPENDIX F 
Schematic Diagrams. 
The schematics of all the circuitry designed for the Path 
Analyser are included in this Appendix. 
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XI 
APPENDIX G 
Circuit Description of Phase Counter 
* lkHz Bandpass Filter 
The bandpass configuration was chosen before the final version of 
the zero crossing detector was implemented. The first detector 
was susceptible to Low Frequency noise on the input signal, thus 
it was advisable to use a BPF, rather than a simple LPF. When the 
sensitivity to Low Frequency noise was removed, the BPF was 
retained. A low Q circuit was chosen in order to allow for an 
'averaging' of the signal. High Q circuits are more likely to 
introduce phase shifts, although the issue is not critical here 
as both signals undergo practically the same shift. The following 
design equations were used in deciding on component values in 
order to tune the filter to lkHz [l]. 
T(s) = H. 
where: 
v [ 
Rl+ R2 
J 
WO = 
R1C1R2C2 
= 
[ 1 + 1 C2R3 C1R2 
+ [ 
R4 
J 
K = 1 
RS 
. s 
Q 
+ . s 
Q 
and H = 
WO 
( 1 - K ) + 
+ 
Q . K 
wORlCl 
1 
ClRl 
2 
w 0 
+ 1 
ClR3 
Q 
J 
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By setting R1 =R2=R R3=2R, the desired values of wo and Q 
determine the value of C=C1=C2· 
c = 
R = 
Thus 
R = R 
1 
470pF 
-----> 
w 
0 
= 
2 
c = 
1 
1 
.c 
338k 
c = 
2 
* Zero Crossing Detector 
= 338k 
----> 
R = 676k 
3 
470pF 
In order to time the delay experienced by the signal due to the 
length of the path, it is necessary to be able to identify a 
point of zero phase angle. The simplest way is to make use of a 
comparator as a zero crossing detector. This has the added 
advantage of forming a TTL compatible square wave from the input 
sine wave. 
The output of the comparator (IC2), is a logic , 1, ' (Sv) when the 
' 0 ' ( Ov) when 
causes the 
input is greater than the mean DC level, and a 
the input drops below the mean. Capacitor 
'threshold voltage' , at which the comparator switches output 
states, to follow the mean DC level. As such, it is a High Pass 
filter, with an RC time constant of 84ms. This is sufficiently 
greater than lms (ie 1/lkHz) as not to impede the signal itself, 
yet still able to block low frequency variations. 
Pulse formers, c4 , Rg, & D1 and c8 , R18 , & D2 were found to be 
necessary' to ensure that the values of phase, both less than and 
greater than a half cycle, were identified correctly. The zero 
crossing that occurs at 180° is thus ignored. The length of the 
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pulse needs to be sufficient to be recognised by the J/K flip-
flop, and yet not so long that it interferes with the count. The 
values were found to be satisfactory, although a correction 
factor had to be introduced to the software to compensate for the 
offset produced. 
* The Phase Gate 
The two J/K flip-flops are arranged so that the 'start' signal 
sets ICSa. This puts ICSb into 'toggle' mode (see state table 
below). The output which is fed to the HC4040 counter (IC6) is a 
2. SMHz square wave (IC Sb) effectively being a 'divide-by-two' 
circuit, acting on the SMHz clock. 
J K 
0 0 
1 0 
0 1 
1 1 
Table [ G.1 ] 
Q(n+l) 
Q(n) 
1 
0 
Q(n) 
J/K state table. 
The reset on the counter, and the clock input on the latch, have 
been arranged so that the counter is reset before each new count. 
The maximum count is latched immediately after the phase gate is 
disabled. 
* Clock Source 
Initially, an on board Crystal Controlled Oscillator ( XCO) was 
used to supply the SMHz clock signal to the 'divide-by-two' 
circuit. (Later, the Temperature Compensated Crystal Osc il la tor 
(TCXO) of the Frequency Synthesiser (Chapter 5.3) was adapted to 
supply the clock signal). A Colpitts design was implemented 
because of its simplicity, ruggedness, and comparatively good 
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stability and reliability. The Colpitts is considered a 'good' 
design to use in the lkHz lOMHz range, with a frequency 
stability of 0. 7ppm ( 2). 
A 5.0688MHz crystal was used with a 2N3819 npn FET, in a parallel 
resonant circuit. For a complete analysis of the circuit 
/ operation see R.J.Matthys[2) pp112 - 116 ). Although the circuit 
itself has a low component count, and is fairly simple, its 
operational analysis is quite complex. 
+Sv 
•H. 
2N3819 
c:J S , 0688 MHz \ R! < 1001<. 
C3 
-----1----1: <s.068HHzl 
Figure G.l 
References 
Title 
R2 
S89R 
lOOnF 
Universit~ of Cape Toun - OJG 
Phase Counter Clock Source 
orcads'.xco.dug 
March :20 1 '999 heet l. of 
Circuit diagram of XCO. 
Gl) Hilburn, J. L. & Johnson, D. E. "Manual of Active Filter 
Design". McGraw Hill, N.Y. Chapter 4. (1971). 
G2) Matthys, R. J. "Crystal Oscillators Circuits". 
& sons, N.Y. pp198-9. (1983). 
John Wiley 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
xv 
APPENDIX H 
A Technical Overview Of The HPIB [l] 
The bus consists of a 24-core cable, terminated at each end by an 
IEEE 488/ANSI connector. Each connector is so designed as to 
allow another identical connector to be plugged in, in a 'piggy-
back' arrangement. Thus, up to 15 devices can be interconnected 
in a star or linear network, with up to 20m of total tranmission 
path length. 
The maximum data rate is specified to be lMb/s over a limited 
distance, but is typically around 250-500kb/s. Data transfer is 
done in a byte seri~l, bit-parallel, asynchronous fashion. 
In order to achieve effective control of the transfer of data, 
each device has to assume a specific status: 
* Controller 
* Talker 
* Listener 
There are 16 active lines, the remainder being for ground and 
shielding purposes. The interface driver and receiver circuits 
should be TTL and Schottky compatible. The lines are as follows: 
* 8 data lines, on which the 7 bit ASCII code is used, 
with the eighth line for parity checks. 
* 3 handshaking lines for the control of data flow. 
DAV 
NRFD 
NDAC 
Data Valid. 
Not Ready For Data. 
Not Data Accepted. 
The interactive sequence of these lines can be seen in 
Figure H.1. 
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NB: 
The positive polarity, true-low logic convention used 
by the HPIB, implements the wired-or of NDAC and NRFD, 
and reduces noise susceptibility in the true state. 
5 Interface Management lines. 
ATN 
IFC 
SRQ 
REN 
EOI 
Attention - all devices then interpret data 
as controller commands. 
Interface clear - returns the bus to a known 
state. 
Service request. 
Remote enable. 
End or Identify - used to mark the last data 
byte, or in conjunction with ATN, to poll the 
devices for their status. 
Design Approach 
In order to use the HPIB system for the Path Analyser, it was 
necessary' to develop interface circuitry that would implement 
the handshaking logic, and provide a data buffer. Two different 
designs were needed: one, a listener, for the Frequency 
Generators; another, a talker/ listener, for the Gain and Phase 
Detectors. 
The logic sequence for the handshaking needed to be checked. We 
therefore terminated the bus from the HP8536 PC with an array of 
Light Emitting Diodes (LED's), as no logic analyser was available 
at the time. The actions of the talker/listener and listener were 
emulated by double-throw switches between positive supply and 
ground. The asynchronous nature of the bus allowed this rather 
crude analysis method to be used successfully. 
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On examining the timing diagram, it was evident that the SRQ, REN 
and EOI lines were unnecessary for our purposes: 
010 t-8 - - - -{.._ ___ o"_' h_v" ___ ___.t-{ .... __ ~ 
1°'41lt valid 
OAV H-----.._ ____ __,(------~L 
Valid 
L -
NRFO 
H - ,--.r-( I 
I I 
-+--All 1eady 
NOAC H _-______ _._(_-.._(~(l-+- All ampted 
Figure H.1 HPIB Handshaking sequence. 
It was neccessary to decide on a means of implementing the 
handshaking logic. The INTEL device triplet available, consisting 
of an 8291A General Purpose Interface Adaptor (GPIA), dedicated 
talker/listener intergrated circuit (IC), and two bus transceiver 
IC' s, was too sophisticated and expensive for the .application-. 
MOTOROLA MC3447 bus transceivers, requiring the use of external 
logic in some form, in place of the dedicated talker I listener 
were, therefore, ordered. Conventional digital IC's were used to 
replace the function of the dedicated talker/listener IC. 
Seperate designs were done for the talker/listener, and the 
listener. 
Talker/Listener 
This circuit board would be attached to both the Gain Detector 
and the Phase detector. The circuit needed to act as a listener 
while the device was being addressed (ATN True), and a talker 
while the device was supplying data (ATN False). 
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XVIII 
Logic sequence 
The table below was developed, from the timing diagram in Fig 
H. 1, in order to generate the Data Valid signal (DAV). It is 
noticeable that RFD and DAC were used in place of NRFD and NDAC. 
This simplified the design method, as NRFD and NDAC were inverted 
by the Transceiver IC. 
a b c d e f g a 
-> 
RFD 0 f 1 0 ~: 0 0 0 DAC 0/0 0 1 0 0 
DAV 0 0 1 1 0 0 
Table H.1 Logic flow of talker/listener. 
A J/K type flip-flop was used, in conjunction with an exor gate, 
and an inverter, to produce the DAV signal. The state table for a 
J/K flip-flop is given below. 
J K Q(n+l) 
--
0 0 Q(n) 
1 0 1 
0 1 0 
-1 1 Q(n) 
Table H.2 J/K state table. 
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XIX 
The logic gates used to implement DAV are shown below: 
RFD 
A 
DAV 
J Q 
CLK 
c Q K L 
DAC 
Fig. H.2 Implementation of DAV. 
Listener 
This circuit board, attached to both the IF Frequency Generator, 
and the Pattern Frequency Generator, would act as a listener both 
while being addressed, and while receiving data. 
Logic Sequence 
The timing diagram in Figure H.l, was used to produce the 
following table. 
RFD 
a b c d e f a 
-> 
DAC 0 0 0 0 1 1 0 
DAV 0 1 "'.a 0 
RFD 0 0 0 0 
Table H.3 Logic flow of listener. 
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xx 
The logic gates used, are illustrated below: 
-----'~NONO ~ ...... 2--R-.F-D 
Fig H.3 Implementation of RFD. 
DAC 
a b c d e f a 
-> 
0 0 1 1 1 0 0 
1/1'\.0 0 0 
RFD 
DAC 
DAV 0 0 0 0 0 
----
Table H.4 Logic flow of listener. 
------'~ AND )1-_,3,._A ___ D_A_C 
Fig H.4 Implementation of DAC. 
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Figure H.5 
A 
NOA~ l! ........... 
,,., 
BO 
B.1 
92 
93 
94 
BS 
MC3447 
BUS DRIVER 
A 
IF~'-~~~~~ 
A 
A 
8 
The completed Talker/Listener. 
ICG 
7'4L53 
ICSA 
74L58G 
R:2 3k3 
lY.1. 
1Y2 
1Y3 
1Y4 
:2Y.1. 
:2Y:2 
:2Y3 
:2Y4 
s 
.1. .1. 
SG .1.2 
IC88 
74LSBG 
R3 3k3 
e 
ICBC 
74L58G 
V+ 
IC78 
.,, 
G 
± 
IC3A 
74 
J 
1 
'T 
IC48 
74L51.1. 
XXI 
73 
Q 
Q 
I/+ T §t: 
IC7A 
74L504 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
Figure H.6 The completed Listener. XXII 
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XXIII 
Summary 
The PCB' s had just been constructed when detailed discuss ion, 
with the representatives of the Department of Posts and 
Telecommunications revealed that an on-line real-time system 
would be. imperative. An article on ·the Microwave Link Analyser 
(MLA)[2], noted that the HPIB system had been found to be 
inadequate when attempting to do a sweep analysis of the entire 
channel bandwidth at lOHz. 
The boards were tested using an IBM PC, which by this time had 
replaced the HP8536. Both the talker/ listener and the listener 
were found to operate as expected. However, from the timing 
diagrams, it was seen that the speed neccessary to achieve 256 
frequency measurements in 0.1 of a second, would be impossible. 
The resolution of the PC visual display unit being 256 pixels. 
Therefore, it was decided to forsake the idea of using the HPIB 
system, and search for a faster alternative. 
References 
Hl) HPIB Manual, Hewlett-Packard. (1986)'. 
H2) Vogel, s. "MLAs for Digital Radio". Communications 
International. p46. ( 1987). 
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XXIV 
Figure H.7 The HPIB Printed Circuit Boards. 
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APPENDIX I 
Conference Paper. 
Paper presented at Southern African Conference on Communications 
and Signal Processing, June 24 1988. Organised by the South 
African section of the IEEE. 
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PATH LENGTH ANALYZER FOR DIGITAL l\UCROWAVE RADIO. 
DJ Gale B.Sc(Eng). R M Braun B.Sc( Hon) M.SqEng) Ph. D(Eng!. 
Department of Electrical and Electronic Engineering. 
University of Cape Town. 
Private Bag, 
Rondebosch, 7700. 
ABSTRACT 
A.11 instrument using the Tellurometer technique to 
analyze the electrical length as opposed to the physical 
length of a microwave radio's propagation path is 
described. The instrument may be used by the I.ine-
Of-Sight Radio Link Engineer to asses such factors as 
Stable and turbulent atmospheric multi-path, 
Reflections from elevated ground layers, Reflections 
from atmospheric sheets. Reflections from ground or 
water, Reflections due to inverse bending and Ducting. 
The full extent of the usefulness of the instrument has 
not _w:t been investigated. A p-actical example of the 
anaf.~is of a ground reflection is given. Time domain 
analysis is suggested. 
I. ll'l'TRODUCTION. 
One of the biggest problems faced by the link 
engineer in a digital radio environment is the 
analysis of the electrical path length under various 
conditions. Various aspects hinge on his findings. 
Selection of types of diversity, selection of adaptive 
equalizer algorithms, etc. This paper describes the 
research carried out into the design of an electrical 
path length analyzer based on quasi Tellurometer 
techniques. 
II. DETAILED AIMS OF THE RESEARCH. 
Line-Of-Sight Radio Link Engineering is becoming 
ever more important as Digital Radio replaces 
Alialog Radio. Phase/Amplitude modulation is far 
more demanding on channel linearity than were the 
older FDM techniques. Channel non-linearity 
impacts directly on system noise immunity, and 
hence, on its Bit Error Rate. This, in turn, impacts 
onto the transmit power, antenna size and hop 
length etc. This translates directly into greater 
system cost. It should suffice to, say that improved 
channel analysis will allow for improved Link 
Engineering and improved equalizer design, and 
hence improved performance per Rand spent. 
This research provides the Link Engineer with an 
apparatus which accurately measures the path 
length over the IF pass-band. 
This is achieved by a series of c-0mplex modulations 
applied to the digital radio's IF channel, and the 
interpretation of the resultant phase shifts into 
electrical distance. 
The sorts of effects which can be measured are : 
- Stable and turbulent atmospheric multi-path. 
- Reflections from elevated ground layers. 
- Reflections from atmospheric sheets. 
- Reflections from ground or water. 
- Reflections due to inverse bending. 
- Ducting 
In addition, useful information on space and 
frequency diversity systems could be gleaned with 
the apparatus. 
III. SYSTEM CONCEPT AND BLOCK DIAGRAM 
The fundamental concept of the original 
Tellurometer, (developed by Trevor Wadley in 
1958), has been preserved. The system has been 
tailored and adapted to existing Digital Microwave 
Radio Systems. The Analyser plugs into the Radio 
Rack at the IF port. The measuring frequencies 
replace the usual traffic of digital data. 
I 
: Ir- - - - --} : 
I l\"1 IP _ .,j 
I POI IOIIP.SIT I 
11 L----- I 
Figure 1 : System Block Diagram. 
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&AIM 
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DETECTOR ft!IER 
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OSCILLATOR 
DETECTOR 
Figure 2 : Telurometer Application Block Diagram. 
The measurement of the length of the path relies on 
the relationship between the distance travelled by 
the signal, and the resulting phase shift. Short 
wavelengths are needed for high resolution. The, 
resolution of the instrument thus depends on the 
highest measuring frequency, and the resolution of 
the phase detector. The exact distance in metres is 
' determined by using a combination of different 
measuring frequencies in order to eliminate 
ambiguities. The finer details of this method are 
dealt with by Trevor Wadley in his paper entitled 
"Electronic Principles of the Tellurometer". 
The analyser is envisaged as being used in an on-
line, unattended, monitoring mode, as well as a tool 
to make on the spot observations. The data most 
needed by a Link Engineer in deciding whether a 
proposed or existing link will be suitably reliable or 
not, are.the cumulative propagation characteristics. 
The analyser must therefore be capable of capturing 
appropriate propagation phenomena, and storing 
them for later analysis. This is implemented by 
controlling the analyser with an IBM PC via an 
HPIB system (Figure 1). 
The actual distance need only be measured once. 
Thereafter, the time varying phase shift is 
monitored. By sweeping the IF channel bandwidth.( 
70 or 140 MHz + /- 20 MHz ), a profile of group 
delay and gain can be captured. These time varying 
profiles are then used to produce the cumulative 
propagation characteristic. 
IV. SYSTEM CAPABILITY 
The analyser will be capable of operating on links 
between lkm and lOOkm in length. With a 
resolution of greater than 1:1000000 it will be 
possible to measure to within O.lm on a lOOkm link. 
The advantages of higher resolution are outweighed 
for the moment by the increased complexity and 
cost of the design. 
The system will be able to measure fade depths of 
up to 60dB, at a resolution of 0.5d8. As deep fades 
often occur rapidly, sweeping across the channel 
bandwidth, the analyser needs to be capable of 
capturing data fast enough t.o encompass these 
fades. A sweep rate of 2MH:zJs is envisaged, with a 
facility to automatically increase this rate when a 
deep fade is detected. 
The software control of the system, will allow the 
engineer to capture, store, process and display the 
data with ease. 
Powerful graphics packages available make it 
possible for the characteristics of the link to be 
viewed at a glance, and hard copies to be made at 
any time. 
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V. SAMPLE ANALYSIS OF A GROUND 
.REFLECTION SITIJATION. 
a) What causes Multipath Effects. 
Any communicaVon system using radio waves 
suffers from a multipath effect. This is because it is 
impossible to confine the radiated energy travelling 
from one instrument to the other, to an infinitely 
narrow beam. In the ultimate case, this would only 
be possible if the wavelength of the radio wave were 
zero, or if the antennae were infinitely large. 
In a simple model a secondary ray, of lesser 
intensity is reflected off the ground where it strikes 
and may arrive at the receiving instrument. The 
receiving instrument is unable to distinguish 
between energy received from the primary ray, and 
energy received from the seconqary ray. The 
receiving instrument in fact adds these two rays 
together vectorially, according to their phase 
relationship. 
The problem which now arises is that the primary 
ray travels the actual distance which the instruments 
are required to measure, whilst the secondary ray 
travels a longer distance and hence suffers a time 
·delay. Such a direct and delayed summation may be 
modelled as· a first order transversal filter with a 
Cosinusoidal frequency response, which is where it 
affects the digital microwave link. The indicated 
distance by the Tellurometer is then the weighted 
average of the distances of the two rays - weighted 
by their respective amplitudes. The vectorial 
addition also means that the end result may be an 
additive or subtractive error. 
b) Multipath Error represented Mathematically 
The Multipath Error situation may be represented 
by a diagram as follows: 
Figure 3 : Simple Multipath Situation. 
If the direct and the secondary rays are 
approximately equaL then the distance travelled by 
the secondary ray may be given as follows: 
d = Distance of the Direct Ray 
d + 2h2td = Distance of the Secondary Ray. 
The resultant error due to this particular Secondary 
Ray may be given by a simple expression as follows: 
rr 
m 2n6d 2n6d 
[]d -•sinc--1•cos1--1 2n r r 
m c 
Where the terms are defined as follows: 
r = A composite term of the strength of the 
Secondary Ray the reflectivity of surface 
struck by the Secondary Ray. It is the ratio 
of the received energy in the Secondary Ray 
to the received energy in the Direct Ray. 
rm= Wavelength of the Pattern Modulation. 
r c = Wavelength of the carrier 
6d = Excess path length= 2h2/d 
Inspection of the expression shows three distinct 
terms. 
Sin[2n6d/rm] 
Cos[2n6d/rc] 
Scaling term which defines the 
maximum possible error. 
An envelope term, slowly 
varying as a function of 
measured distance and height 
above the reflecting surface 
A quickly varying term as a 
function of measured distance 
and height above the reflecting 
surface. 
The slowly varying Sine term acts as the envelope of 
the error. 
It may be as well to introduce a further term at this 
point. This term relates to the action of the beam-
width of the antenna at very short ranges on the 
scaling factor r. The action may be described as 
follows: 
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Figure 4: Cycle of Multipath. 
As the antenna come closer to each other, the point 
of reflection (of the Secondary Ray) between the 
two instruments falls further and further outside the 
3dB (Half power) points of the antenna. This means 
that the illumination of that point drops until it is 
hardly illuminated at all. The resultant reflected 
energy drops. 
c) Using "Racking" to assess multipath due to 
ground reflections. 
The antenna at any end may be "Racked" up and 
down through a cycle of multipath, which is in the 
form of Ground-swing. This is done by moving one 
or both the instruments up or down vertically. A 
very clear cycle of Ground-swing can be obtained, 
such as the one illustrated here. 
The nominal distance is then the average of the 
points measured. Present research suggests that the 
optimum position for the antenna may be at the 
average of the swing curve. 
VI. ANALYSiS IN THE TIME DOMAIN. 
This area of research great promise of producing 
practical results. An inverse Fourier transform of 
the frequency domain data collected may be "gated" 
and otherwise analyzed to provide very useful 
information about the path under test. Much still 
remains to be done in this area. 
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